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RECYCLED CONSTRUCTION AND DEMOLITION DEBRIS MATERIALS IN 
ROADWAY BASE/SUBBASE APPLICATIONS 
By 
Mark J. DeRocchi 
University of New Hampshire, May, 2008 
U.S. industries annually generate millions of tons of construction and 
demolition (C&D) debris with a large percentage sent to landfills at considerable 
cost and using valuable landfill space. While at the same time, according to the 
Department of Transportation, the U.S. requires about 500 million tons of 
materials annually for highway construction, rehabilitation, and maintenance. 
Recently more and more emphasis has focused on trying to meet the demand for 
highway construction materials by using C&D debris. Despite large use of 
construction debris in non-structural roadway applications, very little to none of 
this material is used for actual load bearing construction. This is mainly due to 
limited research and the lack of knowledge of the engineering properties of the 
debris materials. 
This research focused on using the latest standards in roadway soil 
testing, the Resilient Modulus (triaxial test) and California Bearing Ratio, to 
xiv 
evaluate both local natural materials and C&D debris to determine the 
engineering properties of each material. Then, using the testing results, evaluate 
the performance of these materials with the Federal Highways Mechanistic-
Empirical Pavement Design Guide software. Determining these properties and 
evaluating the performance will help to determine if New England C&D debris 




1.1 Problem Statement 
Providing high quality roadway construction material over the next two 
decades presents a significant engineering challenge. According to the 
Department of Transportation (DOT), the U.S. requires about 500 million tons of 
materials annually for highway construction, rehabilitation, and maintenance. As 
local borrow pits are expended, the transportation costs for high quality outlying 
base/subbase materials may become cost prohibitive. At the same time, U.S. 
industries generate 450 million tons of Construction and Demolition (C&D) debris 
annually with over 50% of the debris sent to landfills. Disposing of C&D debris 
comes at a considerable cost (tipping fees and transportation) and consumes 
valuable landfill space (Sandler, 2003). As landfills continue to close and restrict 
the materials deposited, the cost associated with landfill use will grow. Ideally, 
C&D debris could replace road construction materials, keeping construction costs 
reasonable while saving landfill space. 
C&D debris has been used successfully in non-structural roadway 
applications, but very little to none of this material is used for actual load bearing 
construction. This is mainly due to inadequate research and limited knowledge 
of the engineering properties of debris materials. 
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This research focused on providing valuable insight for the possibility of 
meeting the demand for road construction material in the New England region 
with C&D debris. 
1.2 Introduction and Background 
Every year U.S. industries generate millions of tons of solid waste in the 
form of industrial by-products. Although some of these materials are reused in 
other projects, most of these materials are landfilled at considerable cost (Edil, 
1998). Since the inception of modern environmental regulations, disposal of this 
industrial solid waste is a major problem due to shrinking landfill space, 
environmental hazards, and rising disposal costs (Vipulanandan and Basheer, 
1998). 
Recently, shifting societal attitudes have resulted in a stronger interest for 
the use of industrial by-products to prevent wasted landfill space. Some by-
product items such as blast furnace slag, fly ash, and recycled asphalt pavement 
are used annually in very high percentages with little ending as landfill waste 
(Sandler, 2003). 
The largest sector of industrial by-products, C&D debris, generates 
approximately 450 million tons annually. However, the vast majority of this by-
product goes unused each year and therefore wastes millions of cubic yards of 
landfill space. (EPA Report 530-R-98-010,1998) According to local C&D debris 
company Environmental Resource Return Corporation (ERRCO), this material 
goes unused each year because of its highly variable content and consequently 
2 
variable engineering properties. Even though C&D debris is significantly cheaper 
than native virgin material, contractors are not willing to gamble the cost savings 
with potentially negative results. For that reason, most C&D debris terminates as 
landfill (ERRCO, 2007). 
1.3 Construction and Demolition Debris 
C&D debris is defined as "waste material that is produced in the process 
of construction, renovation, or demolition of structures" (Sandler, 2003). Figure 












Figure 1.1: 2003 National C&D Debris Average (Sandler, 2003) 
One way to make C&D debris more useful is to reduce the inherent 
variability. By separating the variable C&D debris stream into more consistent 
sources of material, it is possible to produce a locally reusable product. Many 
small companies like ERRCO are experimenting with that exact business model. 
In the New England area, many items in the C&D debris stream are already 
accounted for after separation. Scrap metal is bought by an east coast foundry; 
wood material is chipped and bought by a power company in Maine; while 
plastics are sold for recycling (ERRCO, 2007). Still other materials are removed 
to prevent possible hazardous conditions. Material like drywall can generate 
hydrogen sulfide gas under the right conditions and is presently removed from 
the C&D debris stream. Currently, the University of New Hampshire's (UNH) 
Recycled Materials Resource Center (RMRC) is investigating this concern and 
researching possible future solutions (RMRC, 2007). 
Considering the categories of Figure 1.1, the only construction materials 
left unaccounted for is concrete and brick. That is more than 50% of the total 
C&D debris unused annually. As previously mentioned, this material currently 
goes unused because its properties vary from each point-source. At this time, 
the most practical local option is to blend this stream annually at the regional 
level and provide a semi-homogenous product (ERRCO, 2007). 
1.4 Thesis Objectives and Experimental Approach 
The goal of this project was to investigate the use of C&D debris in 
roadway base/subbase application, through testing and model simulation, and 
then compare the results with known successful materials in the New England 
region. This research focused on using the latest standards in roadway soil 
testing, the California Bearing Ratio (CBR) and the Resilient Modulus (MR), to 
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evaluate local natural material and local C&D debris and determine the 
engineering properties of each material. Using the test results, the performance 
of these materials were evaluated with the Federal Highway Administration's 
(FHWA) Mechanistic-Empirical Pavement Design Guide (MEPDG) software. 
Determining these properties and evaluating the performance will help to 
evaluate if New England C&D debris can meet the future needs of local roadway 
construction. 
This research was divided into three stages. The first stage focused on 
establishing an in-house laboratory protocol to effectively test local materials to 
determine the engineering properties with high repeatability while also 
reproducing results from other laboratories. The second stage of this research 
focused on testing local construction debris using the same standards 
established in the previous testing. The final stage focused on using the results 
from stage one and stage two in the same hypothetical design model to evaluate 
the comparative performance of each material. 
Research for this project included the following tasks: 
• Determine Material Properties 
• Conduct California Bearing Ratio Test 
• Perform Resilient Modulus Procedure 
• Evaluate American Association of State Highway and Transportation 
Officials CBR •» MR Model 
• Evaluate Long Term Pavement Performance MR Model 
5 
• Determine Effects of using CBR or MR with Mechanistic-Empirical 
Guide 
• Assess the possibility of Construction and Demolition Debris in Base / 
Subbase Applications 
These research tasks will provide the data needed to determine if New England 





In the 1970s, early recycling efforts identified the possibility of using landfill 
solid waste for use in roadway construction as a way of reducing soaring landfill 
usage. For a multitude of reasons, these projects were not a properly controlled 
use of solid waste and became known as linear landfills. Using C&D debris as 
part of roadway construction should not be confused with the linear landfill 
concept. The possible use of C&D debris is instead a process of selecting high 
quality material from the solid waste stream, removing it to prevent landfill 
occupation, and further gaining engineering benefit with the same material 
(Cosper et al., 2004). Using industrial by-products to replace natural soils, 
aggregates, and cements can be highly desirable. While in some cases a by-
product is inferior to natural earthen materials, its lower cost makes it an 
attractive alternative if adequate performance can be obtained (Edil and Benson, 
1998). Although many DOTs currently use Recycled Concrete Aggregate (RCA), 
this is vastly different from using recycled concrete from the C&D debris stream. 
While meeting all of the 500 million tons of material needed for annual roadway 
construction, rehabilitation, and maintenance with recycled materials is unlikely, 
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by using C&D debris whenever feasible, it is possible to replace some of the 
demand and reduce landfill use at the time same time. 
2.1.1 Landfill Versus Local C&D Debris 
Based on data collected in December of 2007, the local tipping fee for 
construction and demolition debris for town disposal in Lee, New Hampshire was 
$85 per ton (Hoyt, 2007). Despite the ease of using town disposal, most 
contractors instead tip at the regional Turnkey landfill. With a required minimum 
annual contract, the bulk-tipping fee at Waste Management of New Hampshire, 
Turnkey Recycling & Environmental Enterprises (WMNH-TREE) in Rochester, 
New Hampshire was $55 per ton (Whittier, 2007). With a similar annual contract, 
but additional strict dumping regulations, the bulk-tipping fee at ERRCO in 
Epping, New Hampshire was $35 per ton (ERRCO, 2007). 
At some point in the near future, the rising cost of local disposal will 
naturally drive contractors to seek more recycling opportunities. The current $35 
per ton and very strict requirements has most contractors still using the Turnkey 
landfill for their C&D debris over ERRCO. The savings of $20 per ton is currently 
not enough incentive to overcome the additional regulations. 
As the market for recycled materials grows stronger, ERRCO will be able 
to either reduce their tipping fee or increase their recycled material input stream 
allowing more recycling. Presently, the aggregate material is stockpiled for future 
use. This aggregate material consists mainly of recycled concrete and is the 
largest percentage of the C&D stream. Of all the C&D materials, this has the 
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greatest potential for future roadway construction, while at the same time 
reducing landfill use. 
2.2 Recycled Concrete 
Billions of tons of concrete have been used since World War II to construct 
buildings, bridges, dams, roads, and other structures. When the useful life of 
these structures is over, the materials from which they were built will eventually 
find their way into the C&D debris waste stream. The demolition of these roads 
and structures generate more than 200 million tons of recycled concrete and 
asphalt annually that can be used for recycled aggregate (USGS Fact Sheet, 
2000). 
The idea of using recycled concrete to replace natural virgin aggregates 
is not a new concept. In 1997, Vanderbilt University conducted a survey of North 
American industries and determined that 32 states were using recycle concrete 
at that time. Since the United States Army Corps of Engineers (USACE) first 
conducted testing of RCA for use in base/subbase construction in 1960, an 
estimated 85% of all recycled concrete nationwide is used as road base due to 
its availability, cost, and physical properties (Cosper et al., 2004). 
Due to the many benefits achieved from using recycled materials, and the 
vast amount of waste concrete generated annually, maximum utilization of the 
waste concrete should be the primary concern (Tandon and Picornell, 1998). 
Since vast amounts of energy go into making cement and concrete in the first 
place, secondary applications could have huge economic benefits. Additionally, 
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using all forms of recycled concrete has tremendous potential for the construction 
industry (Melton, 2004). 
2.2.1 RCA Versus C&D Debris Concrete 
While there is little question of the benefit of high quality recycled 
concrete, RCA is traditionally hand-selected prior to demolition and identified for 
a specific construction demand. Conversely, the concrete that is available in the 
C&D stream is not always high quality concrete and is subject to extreme 
variability based on location of origin. Producing a steady source of high quality 
RCA from the C&D debris stream is simply not possible. Not only does the origin 
of the demolition project change with each load of C&D debris, but also the 
original quality of the concrete that is recycled. In addition, wood particles, brick 
particles, and glass particles are ubiquitous in the C&D debris stream (Sandler, 
2003). Therefore, despite hand selection, concrete from the debris stream will 
always result in unwanted materials, which is very different from using RCA 
(ERRCO, 2007). 
Despite great success in the field using RCA, the ability to properly design 
for its use is still not adequate due to limited experience. USACE studies 
conducted on RCA identified many concerns when using 100% RCA in roadway 
applications. Consequently, USACE established maximum RCA percentage 
recommendations for use in different applications from concrete work to roadway 
construction (Cosper et al., 2004). However, this only shows that more research 
must be done to understand the properties of recycled concrete. 
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Problems notwithstanding, there is still a large amount of recycled 
concrete available annually from the C&D debris stream. Getting the most out of 
this recycled concrete is an important step to preventing the overuse of natural 
supplies. Long-term successful use of C&D debris in roadways will also help 
limit overuse of landfills. 
2.2.2 Concrete Concerns 
One negative side effect of using RCA or C&D debris concrete is its 
premature deterioration due to Alkali Silica Reaction (ASR). ASR can cause 
volumetric expansion, which increases internal fracturing and decreases overall 
lifespan and strength (Gress, 2007). For that reason, ASR is of concern in the 
New England region. The potential for deterioration should be evaluated through 
testing before use. Currently, this long-term aspect of the recycled concrete 
waste stream is under evaluation by Dr. David Gress (RMRC, 2008). 
Another concern of using concrete recycled from the C&D debris stream is 
hazardous leachate. Whether this leachate is hydrogen sulfide or other oxides 
(Si02, Al203, and CaO) from the concrete, increased use of recycled concrete 
has shown an increase in these by-products. Studies underway at Kingston 
University in England are evaluating effective ways to mitigate this concern 
(Limbachiya et al., 2006). 
In addition, when recycled concrete (RCA or C&D debris) is used in 
unbound applications, increased pH of runoff can be a concern. Rainwater 
moving through the material may rise to a pH of 12 and adversely affect the 
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surrounding environment. Careful consideration must be used before using this 
type of material where water intrusion is expected. Environmentally responsible 
locations should be selected as part of the design process (Melton, 2004). 
2.3 Industrial Bv-Product Planning 
Regardless of the material being used, the American Society of Civil 
Engineers (ASCE) recommends the following nine steps in the development of 
industrial by-products for use as geotechnical materials (Edil and Benson, 1998). 
1) Identification of the application 
2) Selection of the key properties required for the application 
3) Environmental suitability 
4) Laboratory testing protocols 
5) Modeling of engineering behavior 
6) Constructability and field verification of performance 
7) Construction specifications 
8) Long-term performance 
9) Dissemination of technical information 
It is generally recognized that the utilization of recycled materials in civil 
engineering construction, such as highway pavement, is a promising concept 
from both environmental and economic standpoints. There are in-use roadway 
case studies currently underway around the U.S. to determine long-term 
performance and gather field data. However, at issue is how to characterize the 
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candidate waste materials, as this is necessary to assess their suitability as a 
component in the pavement structure (Sobhan and Krizek, 1998). 
With the ASCE nine-step process, the use of C&D debris for roadway 
base/subbase is step one. Step two, select key properties required, should 
therefore be the same as with all roadway base/subbase materials and is 
determining the material strength. With environmental studies underway at the 
RMRC and Kingston University, step three is being addressed for areas where 
those environmental concerns apply. Therefore, the main effort of this research 
focused on steps four and five, the laboratory testing protocols and modeling of 
engineering behavior. Hence, the next area of concern is to determine laboratory 
testing protocols (RMRC, 2008; Limbachiya et al., 2006). 
The laboratory testing protocols should not be specific to C&D debris, but 
rather standardized tests used for all roadway base/subbase materials. Because 
this material would be used in public roadway construction, it would be subject to 
current guidelines. Therefore using the standard tests identified by the American 
Association of State and Highway Transportation Officials (AASHTO) is the place 
to begin. 
According to the AASHTO standards, the California Bearing Ratio (CBR) 
and Resilient Modulus (MR) are the two tests present to assess the strength and 
suitability of coarse-grained materials for roadway use. Understanding that 
recycled concrete can serve as base/subbase material successfully in field-
testing, it is unknown if the CBR and MR tests can be effective for design 
purposes as with current soil testing. AASHTO Standard Specifications for 
13 
Transportation Materials and Methods of Sampling and Testing (Volumes 2A and 
2B) cover both CBR and MR testing in Soils and Stabilization standards 
(AASHTO, 2008). However, before starting at the current procedures for CBR 
and MR, it is important to understand how the industry standard arrived there. 
2.4 Laboratory Protocols 
2.4.1 Protocol Background 
The National Cooperative Highway Research Program (NCHRP), a 
subcommittee of the Transportation Research Board (TRB), recommends all 
public roadway systems operate in compliance with current AASHTO or ASTM 
standards (NCHRP Bulletin, 2001). For the purpose of this research, all tests, 
not just the CBR and MR, will therefore be conducted in compliance with 
AASHTO standards so that results may be used by local Highway Departments 
in the region. It is important to note that although the two states that donated 
material, New Hampshire and Maine, have not purely adopted these standards 
for their programs, both DOTs consider AASHTO standards to meet or exceed 
their current testing requirements. Chapter 3, Methods and Materials, covers the 
actual AASHTO standards used for each research objective. 
2.4.2 Long Term Pavement Performance 
The Long-Term Pavement Performance (LTPP) program is a 20-year 
study of pavement performance and the factors that affect it sponsored by the 
NCHRP. Its main goal is to provide the data necessary to explain how 
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pavements perform and why they perform as they do. To meet this goal, the 
program established 2,500 test sections on in-service roadways throughout North 
America in 1988. The data collected from these sites is intended to characterize 
pavement performance nationwide. In the case of unbound materials, the most 
important data elements are CBR and MR. Currently, MR is also one of the most 
controversial because of highly variable results. A 25% deviation in MR results 
was found during LTPP testing. However, the MR value is the key input for 
unbound layers in the current NCHRP design procedure. Therefore, the MR 
ultimately correlates to the foundation strength, and therefore long-term 
pavement performance (Rada et al., 2003). Section 2.5 covers CBR while 
Section 2.6 covers the MR. 
2.5 California Bearing Ratio 
The CBR is a soil strength test established by the California Highway 
Department in the 1940s. It was established in response to the need for a 
standardized test to evaluate the strength of natural in-situ materials. The test 
uses materials that have been prepared at maximum dry density and optimal 
water content. Following preparation, the compacted sample is then soaked for 
96 hours to represent a saturated condition. Then, using a standard circular 
plunger of three square inches, the material is deformed at a constant rate of 
0.05-inches per minute. The required stress to achieve 0.1-inches and 0.2-
inches of deformation is reported by recording the stress and strain of the 
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material during the testing. After normalizing these results to high quality fill, the 
bearing ratio is reported as a percent. 
The CBR is an inexpensive, simple, highly repeatable, and highly 
reproducible strength test designed for subgrade material. The ease-of-use and 
its ability to be conducted in the field or laboratory made this test extremely 
popular. Due to its popularity, the CBR also became the standard for base and 
subbase materials during the 1960s. Consequently, from the 1940s until the 
1980s, the CBR was the standard-bearer and only nationally recognized test for 
subgrade, base, and subbase materials. Equation 2.1 shows the CBR formula 
(AASHTO, 2008). 
CBR = vM*v= °-l"Corrected) (Equation 2.1) 
1000[psi] 
CBR = California Bearing Ratio [%] 
crj = Principal Stress (vertical) [psi] 
Av = Vertical Deformation [inches] 
The standard procedure and required method of testing for the CBR is 
published as AASHTO designation T-193. This test method covers 
determination of the CBR of pavement subgrade, subbase, and base course 
materials from laboratory compacted specimens. 
The CBR was easily repeated and reproduced, therefore making it 
extremely useful during a rapidly growing period in highway transportation. 
However, pavement thickness was based empirically on local experience, soil 
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classification, and response of the pavement to the CBR static load. A minimum 
thickness for a surface course was often selected based on plastic deformation 
as the only failure criteria and CBR as the only test (Vinson, 1998). 
Consequently, roadway failure occurred not with respect to the plastic 
deformation, but rather serviceability problems such as rutting and cracks. 
During the 1970s as roadway use soared to record highs, the need for 
more complex design criteria became apparent. The bearing ratio was a great 
standard for comparing materials, but it did not directly correlate to roadway 
design and construction. By designing with only bearing ratio, elastic 
deformations were not even considered (Vinson, 1989). 
In general, static testing procedures are not adequate for determining the 
behavior of soil and aggregate materials subjected to the impulse type repeated 
loading representative of moving wheel loads (The Aggregate Handbook, 1993). 
In recent years, pavement engineers have recognized cyclic load triaxial tests as 
a fundamental mechanism for evaluating aggregate base and subbase soils 
(Pappetal., 1998). 
At the same time, the ability to use computers and collect high volume 
data offered the opportunity for more complex testing. Additionally, as computers 
became faster, the ability to accurately monitor samples and control servo values 
by computer became standard in the laboratory. These two fundamental 
changes set the stage for modulus of resiliency testing. 
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2.6 Resilient Modulus 
The MR is the ratio of applied axial stress to the recoverable axial strain. 
Equation 2.2 defines the Modulus of Resiliency and is used to calculate MR. 
MR=-*- (Equation 2.2) 
SR 
MR = Resilient Modulus 
ad = Deviatoric Stress 
sR = Resilient Strain 
2.6.1 Resilient Modulus Background 
Research conducted in the 1970s concluded that the true behavior of soils 
under traffic loading could only be obtained from repeated load tests. It was also 
noted that vehicle speed and depth beneath the paving surface are of great 
importance in selecting the appropriate compressive stresses. Using research 
obtained by the California Department of Highways, the relationship of vertical 
stress, vehicle velocity, and depth of sample were established (Vinson, 1989). 
Figure 2.1: Generic Triaxial Stress Configuration 
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A confined triaxial test was selected as the base model to replicate this 
soil behavior below the asphalt layer by AASHTO. The generic stresses present 
in a triaxial test configuration are shown in Figure 2.1. 
Using the triaxial system, the effects a finite element experiences are 
modeled by the principal stresses. The surrounding soil stress is replicated with 
confining pressure {02 and 03 in Figure 2.1) while vehicle load is replicated with a 
component of the vertical principal stress (ad in Figure 2.1). Furthermore, the 
stresses of a vehicle in motion are replicated with a change in amplitude of ad 
over time modeled by a haversine load. Figure 2.2 is an example of this 
modeled stress change and shows how ad changes over a period of 0.1-
seconds. 
Figure 2.2: Triaxial Haversine Load Example 
Using the 0.1-second load cycle repeatedly with a 0.9-second pause 
between load cycles is used to replicate traffic conditions in roadway 
applications. Figure 2.3 shows a generic load sequence for the repeated loading 
model. 
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Figure 2.3: Repeated Triaxial Load Sequence 
The MR test was aimed at accurately modeling long-term elastic behavior 
of a finite element in any roadway surface. In addition, testing through a range of 
confining pressures and various deviator stresses would provide a battery of 
tests that represented a wide range of real world conditions during a roadway's 
useful lifespan. 
2.6.2 History of Resilient Modulus and LTPP 
One lesson learned shortly after the implementation of the first MR test 
was not to assume that properly operating equipment and knowledgeable 
personnel imply good MR data (Durham, 2003). The resilient modulus test is far 
more difficult than anyone first anticipated and the first MR standard (1987) 
contained too great a risk of potential variability because of its wording. As such, 
the LTPP established an Expert Task Group (ETG) dedicated to producing a new 
procedure for testing and revise the current MR protocols. In 1989, the ETG 
produced the first revision of the MR standards. Consequently, AASHTO 
discontinued MR tests T-274, T-292, and T-294 (each with different pre-
conditioning standards) in 1990 (Chen et al., 1994). 
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Later that same year the LTPP program compiled and issued a new 
testing protocol, NCHRP Protocol 46. Four laboratories tested the updated 
protocol and recommended further changes. In 1992, the LTPP issued a revised 
Protocol 46 (Groeger et al., 2003). The 1992 version remained for 4 years, when 
in 1996 another significant review and revision took place. Based on the 1996 
version, AASHTO evaluated and further revised the standard. They designated 
this latest protocol as AASHTO test T-307 in 1999. 
Despite the various revisions, testing repeatability and reproducibility 
remain nationwide problems to this day. Currently, there are still annual 
meetings held by AASHTO, NCHRP, and other agencies, to provide insight for 
successful testing. The LTPP has recommended refining the laboratory startup 
procedures and identifying quality control checks to allow the tester confirmation 
of an acceptable specimen and valid testing results (Rada et al., 2003). 
However, to date, those recommendations still have not been adopted. 
At the same time LTPP was working to modify Protocol 46, NCHRP 
Project 1-28 was also working on enhancements to increase precision, accuracy, 
and practicality of the existing methods. This project was contracted to Georgia 
Tech Research Corporation in 1990 and numerous modifications were 
recommended at the conclusion of the program in 1997 (TRB, 1998). 
However, by the conclusion of the research, AASHTO had already 
completed review of Protocol 46. Consequently, NCHRP Project 1-28A was 
created to harmonize findings from NCHRP Project 1-28 and the AASHTO MR 
review. The project was contracted to the University of Maryland in 1998 and 
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found that "inaccurate determination of MR in unbound materials will contribute to 
erroneous predictions of overall pavement response" (TRB, 2004). However, the 
findings were not presented until 2004 and, as a result, AASHTO decided to 
formalize the MR in 1999 as test T-307 without the findings and despite concerns 
of accuracy and precision (Rada et al., 2003). 
2.6.3 AASHTO Standards for Resilient Modulus 
After Protocol 46 was balloted through the AASHTO process, it was 
adopted as test T-307: Determining the Resilient Modulus of Soils and Aggregate 
Materials. Quoted from the AASHTO Standard Specifications for Transportation 
Materials and Methods for Sampling and Testing, "this method covers the 
procedure for preparing and testing untreated subgrade soils and untreated-
base/subbase materials for determination of MR under conditions representing a 
simulation of the physical conditions and stress states of materials beneath 
flexible pavements, subject to moving wheel loads." 
The MR indicates the stiffness of a soil under controlled confinement 
conditions and repeated loading. The test is intended to simulate the stress 
conditions that occur in the subgrade and base/subbase of a pavement system. 
MR has been adopted by the U.S. Federal Highway Administration (FHWA) as 
the primary performance parameter for pavement design (Durham, 2003). Table 
2.1 shows the complete 16 cycles required for base/subbase testing by AASHTO 
standards while Figure 2.4 shows the same stresses graphically with Mohr's 
Circle. 
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Table 2.1: Base/Subbase Resilient Modulus Testing Procedure 
Figure 2.4: Mohr's Circle for Base/Subbase MR Testing Procedure 
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Just as bearing ratio testing focused on plastic deformation, test T-307 
focuses on long-term elastic behavior (i.e. after permanent deformation and 
consolidation occurres and before the plastic strain condition). Consequently, 
the protocol uses a conditioning cycle, Cycle-0, of 500 to 1000 load repetitions to 
pre-condition the sample to ensure consolidation and eliminate permanent 
deformation prior to testing. The sample is then tested in the elastic, or resilient, 
state. 
Figure 2.5 shows the expected strain types for each sample. A sample is 
loaded numerous times and hysteresis loops are shown for cycles a through f. 
There is permanent deformation (unrecoverable strain) due to the early cycles. 
Once this deformation has occurred, there is elastic strain and recovery. Past 
the elastic strain region, is plastic strain provided the stress applied will cause the 
required material change. 
Figure 2.5: Strain Regions of Generic Sample 
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Because the MR focuses on the elastic strain, the 500 to 1000 cycles of 
pre-conditioning ensure the sample is in this region during recorded tests. The 
test protocol gathers data to calculate the modulus of resiliency as the elastic 
region is the state where the sample rebounds or has resilience. Evaluating the 
material strength in this region provides valuable insight to the materials long-
term behavior as roadway base/subbase and therefore rutting and cracking of 
the road surface. Table 2.2 highlights the protocol specifications for the 
AASHTO standard required to achieve the MR results. The MR determined from 
this procedure is a measure of the elastic modulus and designed to provide input 
for structural analysis models and for use in pavement design procedures. 
Additional detailed information about test requirements is available in AASHTO 




Load Cell Location 
Deformation Measurement 
Confining Fluid 
Load Pulse Shape 
Load Duration 
Cycle Duration 
Data Points per Cycle 




Hydraulic / Pneumatic 
Closed Loop 
External 




1.0 to 3.0 seconds 
200 
2:1 
Static / Vibratory / Kneading 
500 to 1000 cycles 
Table 2.2: T-307-99 Protocol Specifications 
While Equation 2.2 defined MR, Equation 2.3 describes the value of MR 
calculated by the AASHTO standard and is used to determine the empirical 
resilient modulus. Unlike Equation 2.2, this MR is based on numerous data 
points for each stress combination, and not just one set of stress-strain. 
MR=^- (Equation 2.3) 
MR = Empirical Resilient Modulus (Average of cycles 95-100) 
adh = Haversine Deviatoric Stress (cycles 95-100) 
sR = Resilient Strain (cycles 95-100) 
By using five cycles of data, instead of just one, the reported AASHTO MR 
value more accurately represents the soil by using numerous collected data 
rather than one random result. In addition, the tester uses cycle 1 through 94 to 
fine tune the loading sequence to ensure cycle 95 through 100 accurately 
represent the required loads. Combining these changes, ensure more reliable 
and repeatable results that accurately reflect the soil strength. 
2.6.4 Repeatability Problems with Resilient Modulus 
Shortly after AASHTO adopted the modern standard for MR testing, the 
University of Oklahoma conducted a study to determine the variability of 
aggregate materials (less than 10% passing #200 sieve). Their testing found that 
variability of MR ranged from 19% to 26% (Chen et al., 1994). Since the release 
of that study in 1994, vast research has been dedicated to increasing the 
repeatability of MR, with many recommendations making their way into the latest 
protocol. 
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A detailed review of nationwide MR test data by the LTPP ETG showed 
that test results could be highly affected by sampling technique, testing 
procedure, and specimen errors. Specimen errors included leaks in membrane, 
unstable Linear Variable Differential Transducers (LVDT), incorrect conditioning 
sequence, and specimen disturbance. Recommendations included quality 
control checks and placing the load cell and LVDTs inside the triaxial chamber 
instead of outside the chamber as required by testing procedures (Groeger et al., 
2003). 
The focus of revisions and amendments to the MR testing procedures have 
been aimed at increasing the repeatability of the results. Despite the revisions 
adopted by test T-307, the MR test is still an extremely user sensitive procedure. 
In 1998, round robin proficiency tests concluded that even with the updated 
standard, performing a test cannot provide reliable test data to base a structural 
pavement design. The research suggested MR variations as high as 26% at any 
given stress level. The conclusion of the proficiency tests recommended that two 
or three replicated specimens for each material should be used to accurately 
characterize the modulus of resiliency (Boudreau, 2003). 
Research conducted industry wide, including current ongoing 
symposiums, have focused on increasing the repeatability of the modern MR test. 
Experiments conducted from 2000 to 2002 by Boudreau Engineering identified 
some of the main failure areas in current MR testing protocols. This testing 
determined some of the areas of concern are in the compaction methodology, 
the hydraulic servo, LVDT placement, and system calibration (Boudreau, 2003). 
27 
Boudreau Engineering concluded that when specific attention is paid to these 
problematic areas, and a test is rerun after identifying a problem, AASHTO test 
T-307 produced repeatable results. 
From studies conducted before the Boudreau research, LTPP team leader 
Aramis Lopez conducted research focusing on increasing the repeatability of the 
MR. Lopez recommended a series of checks to perform during and after testing 
to act as a quality assurance and quality check. His checks include: 
1) Load Pulse Reasonableness Check 
2) Deformation Response Reasonableness Check 
3) Confining Pressure Conformity 
4) Sample Integrity 
5) Post Processing Test Result Checks (Lopez et al., 1994) 
In summary, the high variability of the MR tests results from three 
independent testers suggest additional steps, quality checks, and replicated 
specimen testing are needed to ensure repeatable results with the current state 
of practice for MR testing. Chapter 3 addresses the actions taken during this 
research in light of these recommendations. 
2.6.5 Prediction Models for Resilient Modulus 
The LTPP conducted a study of MR test data and response characteristics 
in 2002. The summary report of this study documented the first comprehensive 
review of resilient modulus test data and presented the results of each major soil 
type. The testing data were investigated to evaluate relationships between MR 
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and properties of the unbound materials. Using a national database of 4,000 
plus MR tests, the panel selected 2,014 tests that passed all quality control 
checks. After refining the data sets, the panel further removed 94 tests with 
potential errors ensuring the remaining data sets were of the highest quality. 
Once confirmed that all data sets were free of errors, the test data was studied 
for the effect of sampling procedure on the MR and further investigated to 
evaluate the relationship between MR and the physical properties of the unbound 
material. 
Despite earlier findings (Section 2.6.4), sampling technique was found to 
have little or no effect on base/subbase MR, and more importantly, regardless of 
sampling technique, if the dry density (/dry) was within ±3% of maximum dry 
density (/max) than the samples density had little or no effect on the sample MR. 
Panel members Von Quintus and Killingsworth found that the universal 




A. MR = K,Pa — -f (Equation 2.4) 
MR = Resilient Modulus [MPa] from Universal MR Equation 
Pa = Atmospheric Pressure [kPa] 
6 = (<JX + <J2 + cr3) = (3<r3 + ad) = Bulk Stress [kPa] 
<yd = o-j - a3 = Deviatoric Stress [kPa] 
KltK2,K3 = Regression Constants [no units] 
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The regression analysis of the tests showed Ki is proportional to Young's 
Modulus. Thus, the values for Kj must be positive. Increasing the bulk stress
 ; 
produces a stiffening effect that yields a higher MR and therefore K2 must be 
positive. Increasing the deviator stress increases the vertical strain and therefore 
lowers the MR. Consequently, K3 must be negative. After conducting the 
regression on all 1920 data sets, the panel published the results for K1, K2, and 
K3 ranges for their data. These results can be found in Table 2.3. 
In addition, the panel broke down the materials by type and reported the 
regression analysis. The reported values for K-i, K2, and K3 for their 









Table 2.3: K1, K2, and K3 Regression Value Range All Samples (Yao and Von 
Quintus, 2002) 
Table 2.4: K1, K2, and K3 Regression Value Range for Base/Subbase (Yao and 
Von Quintus, 2002) 
30 
Von Quintus and Killingsworth later investigated an expanded version of 
the MR equation to consider if the expanded version was a better fit than the 
universal version. Equation 2.5 lists the MR expanded version. 
MR=K,Pa 
0-3Kt TOCT , 1 (Equation 2.5) 
MR = Resilient Modulus [MPa] from Expanded MR Equation 
TOCT=-TJ(O-1 -a2f +(<r, -<T3)2 +(a2 -a3f = Octahedral shear stress [kPa] 
K6 = Additional regression constant [no units] 
The panel found that K-i, K2, and K3 performed in the same manner as with 
the universal equation. The variable l<6, which was intended to account for 
porewater pressure or cohesion, was found to be zero for more than 50% of all 
1920 tests. K6 was also found to be equal to zero for 74% of base/subbase 
materials due to minimal cohesion and absence of porewater pressure in that 
type of soil. In addition, the range and mean value of K2 had no significant 
change. Furthermore, the value of K3 did not change because in a triaxial test 
the octahedral shear stress is directly proportional to the deviator stress when 
confining stress is uniform (02 = 03). Equation 2.6 shows the relationship 
between octahedral shear stress and deviator stress in triaxial testing. 
V2 
rocT=-y°d (Equation 2.6) 
when cr2=<73 and a1=erd+c3 
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Therefore, Ke was set at zero and the regression repeated. No significant 
effect was observed on the regression statistics. Consequently, with respect to 
the MR test, both the universal and expanded equations are accurate for 
modeling because when simplified and reduced the equations are approximately 
equal. Upon completion of analysis, the LTPP recommended a modified 
equation, Equation 2.7, as the most appropriate empirical model for the current 
resilient modulus test procedure. This final version of the MR is known as the 
modified universal equation (Yao and Von Quintus, 2002). 














The final LTPP report for base/subbase materials also established an 
appropriate range, mean value, and statistical data for the Ki, K2, and K3 
variables. While Table 2.3 listed the range and mean value for base/subbase 
materials, the actual statistical data for the regression constants is available in 
FHWA's final report numbered RD-O2-051 dated October 2002. 
After regression analysis of the data, the panel identified any possible 
anomalies that may have passed the initial quality and control checks. If the R2 
value of the regression was <0.99 and standard error was greater than 50% than 
the data was flagged for further review. Of the 212 flagged data sets, 185 tests 
were considered to have potential anomalies and removed from the evaluation. 
After completing analysis, the panel concluded that with all possible irregularities 
removed, the modified universal equation model characterized the MR response 
for almost 92% of data sets (Yao and Von Quintus, 2002). 
With the modified equation and appropriate K-values for each material 
subgroup, the LTPP panel reported the model fit of predicted MR versus actual 
MR for all tests evaluated (i.e. clay, crushed stone, sand, etc.). Figure 2.6 is an 
example of the actual MR versus predicted MR results for the crushed stone 
presented in the LTPP report. 
Figure 2.6: Actual MR versus Predicted MR for Crush Stone 
Because of the detailed LTPP study and decidedly well fit modified model, 
the National Cooperative Highway Research Program (NCHRP), adopted the 
LTPP modified equation as the preferred input for the Mechanistic-Empirical 
Pavement Design Guide (MEPDG) in 2002. Based on the LTPP analysis, 
NCHRP established the use of K-values to model the soil only if regression 
resulted in R2 values of >0.90. If the R2 does not exceed this value, the test 
results and equipment should be checked for possible errors. If no errors or 
disturbances are found, the use of a different relationship should be considered 
(Yao and Von Quintus, 2002). 
The modified universal equation is a best-fit model for over 2000 MR tests. 
Of those tests, 90% were fine-grained materials. Therefore, as stated in the 
objectives, this research will investigate the effectiveness of using Equation 2.8 
to predict MR based on stress conditions for the coarse-grained materials that 
often makeup base/subbase fill. 
2.6.6 Modeling Resilient Modulus with California Bearing Ratio 
Due to the complex nature and expensive costs of resilient modulus 
testing, AASHTO identified the need for correlation equations from current 
standardized testing to predict MR for use in the new design guide. Because of 
its wide use and popularity, a correlation between the CBR and MR was needed. 
Using data collected for the 1993 AASHTO guide, Equation 2.8 became the 
modified standard to relate known CBR values to predicted MR values. 
MR = 2555(C5i?)064 (Equation 2.8) 
MR = Resilient Modulus [psi] from CBR to MR Conversion 
CBR = California Bearing Ratio [%] 
Understanding this correlation is the best-fit model for a wide range of soil 
types, it is not meant to serve as an exact correlation for specific types of 
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materials. Use of engineering judgment and confirmation tests are 
recommended as part of the 2002 design guide (NCHRP, 2004). As stated in the 
objectives, this research will investigate the effectiveness of using Equation 2.8 
to predict MR based on CBR values for base/subbase fill. 
2.6.7 Resilient Modulus and the Pavement Design Guide 
Once NCHRP selected the MR test, modified universal equation, and K-
values as the highest standard for input into the pavement design guide, DOTs 
around the country focused their research on evaluating the model and 
determine if it should be adopted. One state in particular dedicated vast 
resources to evaluate their soils using this new system. 
Wisconsin DOT (WisDOT) took 17 commonly used subgrade materials 
and conducted extensive MR research. However, after testing WisDOT found the 
MR to require such specialized training, expensive equipment, and vast amounts 
of time that alternate correlations to estimate MR from basic soil properties 
became their primary goal (Titi et al., 2006). 
Their first attempt to analyze the MR data with the modified universal 
equation produced poor correlations and the modeled values did not adequately 
predict actual MR. Another attempt at regression was made by separating fine 
and coarse-grained samples and reanalyzing. The fine-grained materials fit 
much better and produced R2 values of 0.95, 0.76, and 0.65. However, the 
coarse-grained soils (less than 50% passing #200 sieve) still resulted in poor 
correlations (Titi et al., 2006). This finding is very important, as the 
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base/subbase materials used in this research have even less percentage 
passing the #200 sieve compared to the WisDOT coarse-grained materials. 
2.7 Pavement Design Guide 
2.7.1 Pavement Design Guide Background 
From 1960 to 1996, AASHTO published numerous versions of a guide to 
assist with design of pavement structures. During that time, the design of 
pavement was based on empirical equations derived from the AASHTO road test 
in 1958. In 1996, recognizing the need for a joint mechanistic and empirical 
design guide, NCHRP, a subcommittee of the TRB, started Project 1-37A. The 
project focused on the successful delivery of a mechanistic-empirical pavement 
design guide to serve as the standard for all future design guides. NCHRP 
awarded the contract to a research team from Applied Research Associates, 
Incorporated (ARAI) in February 1998. ARAI consultants, in coordination with 
Arizona State University (ASU), worked on the project with the objective "to 
develop a guide that utilized existing mechanistic-based models and databases 
reflecting current state-of-the-art pavement design procedures". In June of 2004, 
the AASHTO joint task force on pavements published a first draft of the MEPDG 
(ARAI, 2004). 
In 2005, Scott Wilson Pavement Engineering released its interim report 
after conducting an independent engineering review of the MEPDG for NCHRP 
Project 1-40A. Changes recommended were incorporated in MEPDG Version 
0.8. In 2006, the final NCHRP Project 1-40A report was published and additional 
36 
changes were adopted in Version 0.9 and 1.0 of the software. Although no 
additional changes have been made to the software, data updates are used to 
refine and upgrade the program models and reference database as needed. 
2.7.2 Mechanistic-Empirical Pavement Design Guide 
This design guide took state-of-the-art processes for every input to 
roadway design, whether mechanistic or empirical, and compiled a Windows 
based software that allows the user to change and input every aspect of the 
roadway design. Figure 2.7 shows the latest version of the MEPDG opening. 
Figure 2.7: Current MEPDG Software 
The design guide has been a work in progress. Although the theory 
behind the MEPDG is fully developed, the software to run the program is not 
Each year since the initial publication there has been at least one software 
update to help solve some of these shortcomings. Currently there are still 
multiple software deficiencies in the program, particularly in the roadway 
foundation design. At the time of this research, the current MEPDG operates on 
software version 1.0 and with a "build update" of 24 May 2007. 
2.7.2.1 MEPDG Model Input. The MEPDG model allows for multiple data 
entry points. Figure 2.8 shows the theoretical "roadmap" for the latest version of 
the MEPDG. 
Figure 2.8: MEPDG Theoretical Roadmap for Input and Analysis 
Although a detailed discussion of every input data point is available at 
http://www.trb.org/mepdq/home.htm, the most important input, with regard to this 
research, is the material characterization models shown in green in Figure 2.8. 
These models allow the user to input the design properties for each layer based 
on data collected from the laboratory or the field. In addition, because the 
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MEPDG offers multiple models, the user has the ability to take current data on 
hand, regardless of test type, and still use the design guide. Again, a detailed 
discussion along with reason for the selection criteria is available as part of the 
MEPDG, but this research focuses on the roadway foundation design. The 
MEPDG breaks down the roadway structure by defining the wearing layer as Hot 
Mix Asphalt (HMA) and the roadway foundation as Layers 2 through 4. The 
MEPDG input screen for these layers is shown in Figure 2.9. 
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Figure 2.9: MEPDG Foundation Layer Input Screen 
Using the MEPDG, layer-2 and layer-3 serve as the design input for base 
and subbase materials. In this case, the user is given three options for the 
design. The first option, the most generic input, is Level 3. Using Level 3 input, 
the user is required to determine the soil classification of their material using 
either the AASHTO classification or the Unified Soil Classification System 
(USCS). The user is then directed to a table of national averages to select the 
corresponding MR value based on their material at optimum water content. 
Figure 2.10 shows the MEPDG strength properties table to select the appropriate 
MR value [psi], if this input method is selected. 
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Figure 2.10: MEPDG Level-3 Strength Property Chart 
The second option, Level 2, allows the user to estimate the MR value from 
a series of equations based on five soil indices. As shown in Figure 2.11, the 
user can estimate the MR design value by CBR, R-Value, AASHTO Layer 
Coefficient, Plasticity Index and Gradation, or Dynamic Cone Penetrometer 
(DCP) index. It is important to note that if the DCP index is used, the user 
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actually estimates the CBR value with the DCP index and then the CBR value is 
used to estimate MR. 
The third and final option uses the highest level of detail for the design 
process. This option does not use just one value for the MR, but rather the entire 
test data set by using the K-values. As discussed in Section 2.6.6, the NCHRP 
selected the LTPP MR modified universal equation model to represent this input 
level. Therefore, after conducting MR testing in accordance with AASHTO T-307, 
the user must perform regression analysis using external statistical software to 
determine the K-i, K2, and K3 regression coefficients. If the regression of the 
modified model results have R2 values greater than 0.90, the Level-1 option may 
be used. However, if the R2 values are less than 0.90, the MEPDG suggests 
using the Level-2 option with the test data actual average MR rather than 
modeling the MR response. 
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Figure 2.11: MEPDG Level-2 MR Correlation Equations 
Provided regression results meet the guidance, the MEPDG offers two 
additional options at this point, to model the change in MR throughout the year 
due to climatic effects of material property changes due to temperature. Either 
the user can enter the k-values for each month of the year to reflect the changes 
or they can enter the average K-values and allow the MEPDG to calculate the 
estimated change in K-values based on climatic data and soil gradation. 
2.7.2.2 MEPDG Output. Once all input design is complete, the user runs 
the analysis to determine the final model performance over the design life span. 
The design guide gives a user many output files from the analysis to include 
surface down damage, bottom up cracking, thermal cracking, transverse 
cracking, rutting, and total distress. The design guide distress summary 
categorizes all cracking and rutting in one large output Excel file. This summary 
allows the user, in one file, to determine long-term performance of the analyzed 
roadway. The maximum distress of the road is reported annually in the Excel 
output file. Consequently, the long-term distress at the end of the evaluated 
period is reported in inches. This provides a convenient method to compare 
multiple analyses. 
2.8 Summary 
With unlimited potential, recycled concrete has a valuable place in 
reusable construction material. Finding the right use, both economically and 
environmentally, might not be has hard as once thought. However, regardless of 
the type of material used in roadway design, the first step is quality testing to 
determine the material and strength properties. Although MR may prove harder 
than other tests, there are still useful products from such a test. Using those 
results, along with others, in the pavement design guide is where engineering 
judgment and careful consideration produce a proposed roadway design. 
CHAPTER 3 
MATERIALS & METHODS 
3.1 Introduction 
This chapter discusses the materials and methods used in the laboratory 
to characterize samples and analyze testing results. The materials include 
multiple gravelly and sandy non-cohesive samples from both New Hampshire 
and Maine. The methods include physical characterization of samples, bearing 
ratio testing, resilient modulus testing, and design performance modeling of the 
materials. 
3.2 Materials 
The material selected for this project consisted of both successful highway 
performance road foundation material and recycled construction by-product 
materials being considered for roadway use. The materials used for this 
research were donated by the Maine Department of Transportation (Maine DOT) 
and the Environmental Resource Return Corporation (ERRCO) in Epping, New 
Hampshire. In total, there were 12 samples, nine from Maine, and three from 
New Hampshire. 
Maine samples consisted of seven road base materials selected by the 
Highway Testing Division as high-performance natural material currently in use 
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statewide and two recycled samples of blended gravel and construction by-
products scheduled for use in future Maine DOT projects. The seven samples of 
natural material donated were collected from various pits around the state to 
characterize statewide variability in materials. All samples were collected from 
the respective quarries by Maine DOT laboratory technicians. When collected 
the material was placed into five sandbags, each bag with 0.75 cubic feet of 
material and weighing approximately 70 pounds. The bags were then 
transported to the Maine DOT testing facility in Freeport, Maine and stored inside 
their testing building. The 45 bags were picked up in Freeport, Maine, 
transported to the UNH campus in Durham, New Hampshire, and stored in 
Kingsbury Hall until testing started. After inspecting each sandbag, the contents 
were found to have very similar gradations. However, as a precaution to ensure 
quality samples, two bags were blended together prior to research testing. 
New Hampshire samples consisted of three recycled construction by-
products being considered for roadway base construction in New Hampshire. 
Although the C&D debris originates in various locations around New Hampshire, 
all material was processed, refined, and blended in Epping, New Hampshire. 
ERRCO took the raw, unsorted C&D debris, and removed concrete from the 
stream. Then after stockpiling for approximately one year, the material was 
crushed, blended, and available for resale as coarse-grained aggregate material. 
The New Hampshire samples were collected from the actual stockpile at the 
ERRCO facility in Epping, New Hampshire. As with all mechanically created 
stockpiles, there is some natural segregation. Consequently, separate samples 
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were taken throughout the stockpile at three different heights and later remixed. 
The 22 samples were placed into five gallon buckets, weighing 50-pounds each, 
at the site and transported back to the UNH campus at Durham, New Hampshire. 
Once at UNH, the samples were stored in Kingsbury Hall until testing. Prior to 
testing, three buckets were mixed together, one from each location in the 
stockpile, to create a homogenous sample. 
In summary, all 12 materials are coarse-grained (4"-) with suitable 
quantities available for base/subbase construction. Table 3.1 lists summary data 
for all 12 samples while Figure 3.1 shows samples taken (2"-) from each of the 
12 materials prior to testing. 
Table 3.1: Materials Data Summary Table 
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Figure 3.1: Material Samples Prior to Testing (Scale Applies to Each Sample) 
In an effort to evaluate the effects of different components in the C&D 
debris by-product stream, ERRCO-2 was tested in original condition from the 
stockpile. ERRCO-3 and ERRCO-4, however, were modified before testing. As 
listed in Table 3.1, the primary components of ERRCO-2 were RCA, Brick, and 
random wood particles. To analyze the effect of the wood particles, ERRCO-4 
was tested with the wood particles hand removed; leaving RCA and brick. To 
further determine the effect of brick, ERRCO-3 was tested with brick and wood 
hand removed. Although close attention was given to removing the particles in 
question, minute amounts of wood or brick were still present. 
3.3 Methods 
These materials were being considered for roadway construction and 
therefore all testing procedures followed AASHTO standards. A systematical 
procedure break down for each laboratory test is available in all annual AASHTO 
Standard Specifications for Transportation Material and Methods of Sampling 
and Testing 22nd Edition or later. AASHTO Edition 22 was used for this research. 
3.3.1 Material Classification 
All samples were classified using the same procedure and standards. All 
materials donated arrived at the lab in either 70-pound sandbags or 50-pound 
buckets. To ensure representative samples, two or three specimens were 
combined, blended, and mixed to ensure a homogenous material. Following 
blending, each sample's grain size distribution was determined through sieve 
analysis. The samples were sieved through U.S. Standard Sieves in sizes 4.0, 
2.5, 2.0, 1.5, 1.0, 0.75, 0.50, 0.375 inch and #4, #8, #16, #30, #50, #100, #200. 
After sieving, the Uniformity Coefficient (Cu) and Coefficient of Curvature (Cc) 
were calculated and used to determine the Unified Soil Classification. Table 3.2 
shows the task and method for this laboratory process. 
Grain Size Distribution 
Unified Soil Classification-1 
Unified Soil Classification-2 
AASHTO T-88 
Uniformity Coefficient 
Coefficient of Curvature 
Sieve Analysis (Dry) 
Mo 
c _ (Ao)2 
c
 (Ao*Ao) 
Table 3.2: Material Classification Procedure 
3.3.2 Material Attributes 
Upon completion of classification, sub-samples of each material were 
removed for specific gravity, Atterberg limits, and Loss On Ignition (LOI) testing. 
These three tests were used to help further classify the tested materials for 
comparison purposes and possibly allow other researchers to compare the 
results with other similar materials. The Atterberg limits define the liquid limit and 
plastic limit of the sample and allow calculation of the plasticity index, if 
applicable. The LOI testing was conducted at 550°C as required by standards for 
organic and bituminous samples. Because the samples from New Hampshire 
did not have recycled asphalt, the LOI determined only the organic materials 
present. Similarly, the Maine samples contained recycled asphalt but did not 
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have organics such as wood. Therefore, the LOI determined the amount of 
asphalt binder present. Table 3.3 shows the corresponding AASHTO test used 













Loss On Ignition 
Table 3.3: Material Attribute Procedure 
3.3.3 Optimum Water Content and Maximum Dry Density 
After classification, the moisture-density relationships were evaluated for 
each sample. This procedure is better known as the Proctor test and is used to 
determine the optimum water content and maximum dry density. There are four 
method options for AASHTO procedure T-180. Method C was selected because 
this procedure uses a 4-inch Proctor mold with 10-pound hammer and most 
closely represents the MR testing procedure as it also uses a 4-inch specimen 
with 10-pound hammer. In addition, Method 3 most closely represents the CBR 
testing procedure by using the same size compaction hammer. Figure 3.2 shows 
the Proctor test underway for sample ERRCO-2. 
The results of this procedure are extremely important, as both the CBR 
and MR are sensitive to water content. Therefore, by AASHTO standards, these 
tests must be conducted at the optimum water content, ±1%, and at maximum 
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dry density, ±3%. As a result, the following procedure served as the guidelines 
for research. AASHTO procedure T-180 was conducted two or three times for 
each sample to confirm the results with the following strategy. Because the 
accuracy of AASHTO procedure T-180 is ±1% water content, the first two tests 
were performed and averaged. If the deviation was less than 2% water content, 
the average value was reported as the optimum water content. 
Figure 3.2: Proctor Testing (Compaction and Trimming) on Sample ERRCO-3 
If the testing failed to meet the first criteria, a third test was conducted as 
a confirmation. If the optimum water content of the confirmation test was ±1 % of 
the averaged optimum water content than the averaged value of all three tests 
was reported as the optimum water content. It is important to note this optional 
third test was not actually required as the first two tests for all samples were 
within 2% water content for each of the 12 samples. Chapter 4 covers these 
results in detail. 
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As required by AASHTO T-180, the water content of each Proctor sample 
was calculated by averaging two samples from each specimen. AASHTO 
procedure T-265, laboratory determination of moisture content of soils, was used 
to determine the water content. Table 3.4 shows the corresponding AASHTO 
tests used for the Proctor testing. 
Table 3.4: Dry Density and Water Content Procedure 
3.3.4 Vibratory Hammer Calibration 
Testing standards for MR allow for three types of compaction while 
preparing the soil specimen: 10-lb Proctor hammer, vibratory hammer, or 
kneading compactor. The vibratory hammer was selected for ease of use and 
compaction uniformity. To ensure that the in-house vibratory hammer (Bosch 
Model 11263) produced compaction results similar to the proctor hammer, a 
series of time tests were conducted to calibrate vibration time and dry density. 
This testing was completed in standard protector molds with both a proctor 
hammer and the vibratory hammer. Once the correct vibration duration was 
determined, the same compaction time was used in the MR 4-inch mold. 
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3.3.5 Bearing Ratio 
As discussed in Chapter 2, the CBR is the standard for determining and 
evaluating the bearing strength of soil samples. Where: 
CBR = aM±v=0-V'Corrected) (Equation 2.1) 
I000[psi] 
CBR = California Bearing Ratio [%] 
o-j = Principal Stress (vertical) [psi] 
Av = Vertical Deformation [inches] 
The CBR procedure has two water content options. The first and most 
common option is conducting the bearing ratio at optimal water content. 
Because the test is sensitive to material water content, this ensures that test 
results from different samples may be compared without correction factors. This 
option of the CBR is the equivalent of evaluating the optimum strength for the 
soil. However, the procedure can also be conducted for a range of water 
contents. This option would allow a user to estimate the bearing ratio in field 
conditions that are other than optimal. For this research, the optimal water 
content option was selected to compare the 12 materials because it removes the 
variability of strength due to water content in each of the samples. In addition, 
the MR is conducted at optimum water content and allows a direct comparison by 
standard conversion equations. 
The CBR procedure also allows for unsoaked or soaked tests. For the 
same reasons stated above, the soaked version of the bearing ratio was selected 
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because CBR to MR conversion equations are based on soaked CBR values. 
Figure 3.3 shows the CBR test conducted on Sample ME-6. The first frame 
shows the CBR load frame being setup. The second frame shows the sample 
during loading. The final frame is the ME-6 sample upon completion of testing. 
Figure 3.3: California Bearing Ratio Test on Sample ME-6 
AASHTO standards caution that past practice has shown the CBR results, 
for those materials having substantial percentages of particles retained on the #4 
sieve, are more variable than for finer materials. Consequently, more trials may 
be required for those materials to establish a reliable CBR (AASHTO, 2002). 
Since the base/subbase materials used for this research testing fell into this 
category, the following strategy served as the guidelines for testing. 
Using the same methodology described for the Proctor test, a reliable 
CBR value was determined by conducting two or three CBR tests for each 
sample. The first two tests were conducted and averaged together and the 
deviation calculated. If the deviation was greater than 20%, a third test was 
conducted. If the third test, compared to the average of the first two tests, was 
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less than 20% deviation, then the combined average of all three CBR tests 
served as the final value. If the third test fell outside of 20% deviation, than 
additional tests were conducted, outliers determined and removed, and the 
average calculated as the final average CBR. Again, it is important to note that a 
third test was not required in any of the research testing and Chapter 4 covers 













Figure 3.4: Testing Methodology Example 
Figure 3.4 shows this methodology graphically where: the first sample 
CBR is Si, the second sample CBR is S2, and the average CBR is S . In this 
example, Si and S2 are numerically between S ± 20% and therefore did not 
require a third test. Conversely, if Si and S2 fell outside S ±20%, then a third, 
and possibly additional, CBR test would be required. 
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The CBR testing was completed on UNH's bearing ratio load frame and 
data collected by a GCTS computerized data acquisition system. The load frame 
has a 10,000-pound capacity and analog system for determining penetration 
rates. The penetration rates were confirmed prior to testing and recorded for 
each specimen. The system used a 10,000-pound load cell between the load 
frame and CBR plunger to collect stress data. The system used a Macro-Sensor 
Lateral Variable Displacement Transducer (LVDT) mounted on the CBR plunger 
and displacement transducer tip placed on the CBR mold to collect penetration 
data. The GCTS system collected the stress and strain data at 0.1-second 
intervals during the test. The collected data was then used to create the required 
AASHTO stress-strain curve. Although not required by AASHTO for the CBR 
test, a strain-time curve was also generated to confirm the penetration rates met 
procedural guidelines for each test. Specimens were prepared at optimum water 
content ±1%, and then compacted to maximum dry density ±3%. 
3.3.6 Resilient Modulus 
As discussed in Chapter 2, the MR represents a simulation of the physical 
conditions and stress states of materials beneath flexible pavement subject to 
moving wheel loads. The modulus testing sequence is divided into two 
categories based on materials: subgrade and base/subbase. The same 
base/subbase sequence was used for all 12 samples. AASHTO test T-307 
procedures allow for specimen diameters of 71,100, and 152 millimeters. All 
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testing was performed on 100-mm (4-inch) specimens as the in-house MR 
system was calibrated for that size. 
Using the same methodology for optimum water content and CBR, two or 
three tests were conducted for each sample. The first two tests were conducted 
and then the average modulus was calculated for each test (15 cycles of 
information per test). This value served as the proposed MR for that specimen. If 
the deviation of the tests were less than ±20% of the average then the MR was 
recorded as the MR. However, if the deviation was greater than ±20%, then a 
third, confirmation test, was conducted to confirm the data. If the third test 
average resilient modulus was within 20% deviation of the proposed value than 
the average, of all three tests, served as the reported MR. Refer to Figure 3.4 for 
the graphical testing methodology. Similar to Proctor and CBR testing, this third 
test was not required and further analysis is provided in Chapter 4. 
Figure 3.5 shows the MR test for sample ERRCO-4. The first frame shows 
the load frame with a sample after start-up procedures have been completed. 
The second frame shows the sample prior to starting the testing. The final frame 
shows a sample after 16 cycles of testing and upon completion of the optional 
quick shear test as the specimen is forced to shear failure {oz = 34.5 kPa). 
All testing was completed on UNH's in-house GCTS triaxial testing load 
frame and GCTS data acquisition system. The GCTS system uses a computer 
controlled servo valve to regulate hydraulic pressure for the load frame piston. 
The system uses a second computer controlled servo valve to regulate the air 
confining pressure in the specimen chamber. Both the load frame piston 
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pressure and air confining pressure vary throughout the tests' 16 cycles as per 
AASHTO test T-307. The GCTS load frame capacity is rated for 50,000-pounds. 
Figure 3.5: Resilient Modulus Test on Sample ERRCO-4 and ME-2 
The system uses a 10,000-pound load cell between the load frame piston 
and triaxial chamber. It also uses two Macro Sensor LVDTs mounted on the 
chamber load rod with the spring displacement transducers tips on the top of the 
triaxial chamber. In addition, the system uses an Omega pressure cell 
transducer to record the triaxial chamber confining pressure. Data from the load 
cell, LVDTs, and pressure cell are collected by the GCTS data acquisition 
system. This data is collected every 0.5 seconds during non-loading sequence 
and every 0.01 seconds during loading sequence. Components of the MR 
apparatus used for testing are shown with labels in Figure 3.6. 
M * = — (Equation 2.3) 
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The collected data allows the user to calculate deviator stress and resilient 
strain, which is then used to calculate the resilient modulus per Equation 2.3. 
Specimens were prepared at optimum water content ±1%, and then compacted 
to maximum dry density ±3% as required by testing standards. 




Confining Chamber Top Plate 
Confining Chamber 
Porous Top Platen 
Specimen (4" x 8") 
Porous Bottom Platen 
Fixed Base Plate 
Chamber Base 
Chamber / Bottom / Top Drains 
Figure 3.6: Resilient Modulus Testing Apparatus 
3.3.7 Increasing Resilient Modulus Repeatability 
As discussed in Chapter 2, a vast amount of research has been dedicated 
to help researcher's achieve repeatable results with MR testing. To this end, 
there were numerous recommendations identified in Chapter 2 that were taken 
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into account during this research. The following paragraphs describe the 
laboratory actions based on MR literature. 
The MR testing is extremely sensitive to startup procedures and specimen 
stresses. Because of these concerns, a number of trial tests were conducted 
prior to research testing. Based on recommendations from the literature review, 
during this time a rigorous startup procedure checklist was established to ensure 
repeatable results over the course of testing. This startup procedure complied 
with AASHTO T-307 test procedure but added additional verification steps to 
ensure correct specimen preparation. In addition, this startup procedure locked 
out certain servos during preparation to ensure the GCTS system did not apply 
erroneous stresses on the specimens. Using the additional startup procedures, 
membranes of the same thickness, and similar brand membranes helped ensure 
reliable results. A sample of the MR startup procedure checklist is located in 
Appendix A. These steps were added based on the research from Groeger et al. 
in 2003. 
Another recommendation from the literature involved Peak-Intensity-
Duration (PID) controls. The PID controls are a very important software tool that 
allows the user to control the load pulse and prevent erroneous specimen 
stresses during testing. Normally, the applied load is fine-tuned with PID control 
at the beginning of testing only. However, LTPP ETG Team Leader, Aramis 
Lopez, concluded after detailed MR studies that monitoring and adjusting the PID 
throughout testing was required to ensure the peak load applied matched that of 
AASHTO standards for all sequences. (Groeger et al., 2003) Consequently, 
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during this research, PID controls were adjusted during the entire testing 
program. 
Figure 3.7 is a screen capture of the GCTS system during MR testing. On 
the screen, the PID controls are visible. The bottom of the screen shows the 
AASHTO required load in blue and the actual applied load in black. As visible in 
Figure 3.7, the applied load matches the required load almost flawlessly. 
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Figure 3.7: Resilient Modulus Test Control Screen with PID Tool 
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In addition to the PID recommendation of monitoring to ensure peak load 
applied match that of AASHTO standards by the LTPP MR Team Leader, this 
research took the following laboratory actions to ensure repeatable MR results 
(Groegeretal.,2003). 
1) Load Pulse Reasonableness-* Monitored PID settings throughout testing. 
2) Deformation Response Reasonableness-* Changed LVDTs twice (finally 
ending with spring loaded) to confirm proper LVDT data collection. 
3) Confining Pressure Conformity-* Switched from water to air confinement after 
repeated system failures due to water cylinder. 
4) Sample Integrity-* GCTS installed option to stop and confirm testing at 5% 
strain. This option allowed identification when a sample failed, i.e. no longer 
considered an elastic response. 
5) Post Processing-* Confirmation and independent calculation of bulk stress, 
deviatoric stress, and MR then checked the recommended values and response 
as per LTPP. This resulted in nine tests being identified and rerun. 
Based on the findings from the 1998 round robin proficiency testing about 
individual specimen variation (Section 2.6.4), all MR research was conducted with 
multiple replicated specimens for each material. Using multiple specimens of the 
same material and following the testing methodology previous mentioned, 
allowed for the averaging of MR values to overcome the high variability inherent 
with MR (Boudreau, 2003). 
Applying the research findings from Boudreau Engineering regarding 
compaction methodology, hydraulic servo problems, LVDT placement, and 
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system calibration, this research took many precautions to overcome the trouble 
areas (Boudreau, 2003). As previous discussed in MR methods, vibratory 
hammer calibration timing was completed to ensure specimen compaction 
matched the maximum dry density ±3%. Hydraulic servos were locked out prior 
to testing to prevent erroneous stresses applied. To overcome LVDT problems, 
three different LVDTs were evaluated prior to testing to ensure proper size and 
style. The final LVDT selected, after numerous trial runs, was a spring loaded 
Macro Sensor with 0.5-inch capacity. Conducting the trial runs for LVDT 
selection ended up being very important because the LVDTs that arrived with the 
GCTS system had numerous failures and problems during testing. The final 
testing procedure taken, based on Boudreau's findings, was the extensive load 
cell and LVDT calibration described in MR testing setup (Boudreau, 2003). As 
previously mentioned, this daily recalibration prevented nine MR tests with 
erroneous data from being reported. Chapter 4 discusses these results. 
3.3.8 Statistical Analysis 
The statistical software used for all statistical analysis was DataFit Version 
8.2. This software suite allowed for detailed analysis of existing models. In 
addition, data fit results were confirmed with JMP 7.0 statistical software. 
Although this software does not easily analyze existing models, it does provide 
graphical representation of the statistical results, which is useful for interpreting 
model fit. The first model analyzed statistically was the modified MR equation as 
shown in Equation 2.7. Regression was performed to determine the K-i, K2, and 
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I<3 variables and the R2 value calculated. After determining the K-values, 
predicted MR were calculated and compared to actual MR values and the R2 












The second model analyzed statistically was the CBR to MR predictive 
model as shown in Equation 2.8. Results from using the equation to predict MR 
were compared to actual MR values and the R2 value for the fit calculated. 
MR = 2555(CBRj ,0.64 (Equation 2.8) 
The K-values, MR predictive values, and statistic fit data for both models 
are presented in Chapter 4. 
3.3.9 Simulation of Material Performance 
The MEPDG was used to evaluate the performance of each material. The 
design guide requires input for traffic, axial load distributions, climate, hot mix 
asphalt, asphalt concrete, base/subbase, and subgrade. 
To ensure accurate comparison for New England conditions, a base 
model was used to provide accurate information for New Hampshire's traffic 
patterns, axial load patterns, hot mix asphalt, and asphalt concrete. Dr. Jo Sias 
Daniel provided this MEPDG base model from the Civil Engineering Department 
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at UNH. The base model provided actual measured data from a section of 1-393 
in Chichester, NH as part of her research on Hot Mix Asphalt (HMA) and 
Recycled Asphalt Pavement (RAP). This input base model file, in conjunction 
with NCHRP climatic data for Rochester, New Hampshire, insured the MEPDG 
results were applicable to the New England region. The only variable in the 
pavement design guide for this research was the base/subbase layer. Holding all 
other MEPDG options constant allowed for isolation of base/subbase effects on 
the roadway-simulated performance. 
Figure 3.8: MEPDG Base Model for Simulations 
Figure 3.8 shows the MEPDG loaded with the "Base Model (Thesis)" file 
that served as the same start point for all simulations. The MEPDG uses a red or 
green box to indicate complete data sets were properly loaded. The green boxes 
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in Figure 3.8 also indicate the base model is valid and ready to operate. 
Confirmation of the base model was an important step to assess all base model 
assumptions and verify data entry prior to the simulation. 
Once the base model was established, the road deflection extremes were 
modeled using the design guides' minimum and maximum CBR values and 
minimum and maximum MR. After these minimum and maximum brackets were 
established, the design guide was rerun with each specimen's specific average 
CBR and average MR to determine comparative performance with Level-2 data. 
Finally, each sample's K-values were to be used to determine comparative 
design guide performance with Level-1 data. However, the simulation 
methodology was changed, as the current MEPDG (Version 1.0 with 24 May 
2007 Update) cannot calculate the final road analysis using any K-values. At the 
time of this research, Level-1 input for the design guide is still not functional. 
Figure 3.9 shows the error message that the Finite Element Model (FEM) is not 
calibrated for use with the MEPDG at this time. Therefore, it was not possible to 
compare the MR K-values for each sample. 
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Figure 3.9: MEPDG Error Message for Level 1 Input 
Regardless of input type, the MEPDG output summary shows each type of 
distress both in table form and graphically. Figure 3.10 shows an example of the 
graphic rutting output. All forms of rutting are presented as well as the NCHRP 
rutting cutoff. The MEPDG uses the MR to determine long-term behavior by 
estimating plastic behavior from the elastic response during testing. Therefore, 
the best way to analyze the performance of the road is total distress and rutting. 
For this research, the total rutting was recorded at year 10 and reported as the 
samples rutting value. 
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Figure 3.10: Graphic MEPDG Rutting Output File (10 Year) 
3.3.10 Laboratory Conditions 
All laboratory testing was conducted in Kingsbury Hall on the campus of 
UNH in Durham, New Hampshire between February and September of 2007. All 
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soil classification testing was conducted in laboratory room S126 and S125 while 
all CBR and MR testing was conducted in laboratory room S124. Both laboratory 
rooms are environmentally controlled with a temperature ranging from 65° to 72° 
and average humidity of 45%. A La Crosse Technology Indoor/Outdoor weather 
station was used to monitor conditions throughout testing. 
3.3.11 Quality Control and Quality Assurance 
To ensure reliable results during testing, a sample material with known 
material properties was subjected to the complete battery of testing from soil 
classification to resilient modulus. Using this sample material allowed for the 
confirmation of procedural checklists and ensured proper setup, startup 
procedures, and execution for all tests. After creation and confirmation of the 
checklists, LVDT calibration and load cell calibration was conducted on both CBR 
equipment and MR testing equipment. Upon completion of calibration, a quality 
control set of tests were conducted with the sample material. The results were 
then compared to the known material properties of the soil confirming the test 
procedures. 
To ensure reliable CBR results, the CBR load cell and LVDT gains and 
voltage offsets were confirmed before every test. Prior to starting testing each 
week, the CBR load cell was recalibrated with a 10K load ring and CBR LVDT 
was confirmed with a digital caliper. To ensure reliable MR results, the MR load 
cell and LVDT gains and voltage offsets were confirmed prior to every test. In 
addition, the MR load cell was recalibrated with a 10K load ring and the MR 
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LVDTs were confirmed with a digital caliper prior to testing each week. At 
numerous points throughout testing, when a computer error occurred or 
erroneous MR values were calculated, the load cell and LVDT readings were 
reconfirmed and if need be recalibrated. Over the 4 month testing period, this 
stringent procedure prevented nine tests with flawed data from being recorded 
and the tests repeated. 
3.3.12 Summary 
Since MR testing is a new testing protocol, there is an enormous amount of 
literature dedicated to reviewing the test standards and recommending laboratory 
procedures to achieve repeatable results. A vast amount of time was devoted to 
ensure all known pitfalls were overcome before research testing began. 
Additionally, AASHTO procedures were used as the standard-bearer for all 
research from material classification to strength testing to ensure this research 
met DOT requirements. 
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CHAPTER 4 
RESULTS & DISCUSSION 
4.1 Introduction 
Chapter 4 presents the results from this research and discusses the 
application of the CBR predictive model, effectiveness of the MR modified 
equation model, and simulated long-term performance by the MEPDG. Where 
applicable, comparisons are made and analyzed to help further understand the 
effects of MR testing. Charts, graphs, and tables are used to summarize the 
results, while the complete laboratory results for most tests and empirical 
analysis results for each comparison are presented in the Appendices. 
4.2 Material Classification 
4.2.1 Grain Size Distribution 
Grain size distribution was performed on all 12 samples via sieve analysis 
according to AASHTO procedure T-88. The laboratory data for the sieve 
analysis can be found in Appendix B. The samples were all coarse-grained 
materials and very similar in composition. The 50% finer diameter ranged from 
0.6 to 0.04 inches (#16 sieve). Demonstrating how similar the materials are, nine 
of the samples only varied in 50% finer from 0.2-inches to 0.1-inches. Figure 4.1 
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Figure 4.1: Grain Size Distribution for all Samples 
Samples ME-1, ME-2, ME-3, ME-4, ME-5, ME-6, and ME-7 were natural 
material currently in use by the Maine DOT as base/subbase fill. These samples 
served as a baseline with which to compare all recycled materials due to long-
term successful performance in Maine roadways. Samples ME-8 and ME-9 were 
blends of C&D debris (concrete and asphalt) with gravel. These samples are 
currently under consideration for use in roadway base/subbase application by 
contractors for the DOT. ME-7 served as the gravel base for ME-8 with 30% 
added C&D debris, while ME-6 was the base gravel for ME-9 with 30% C&D 
debris blended. Samples ERRCO-2, ERRCO-3, ERRCO-4 were 100% concrete 
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C&D debris crushed and blended from New Hampshire. The three ERRCO 
samples originated from the same stockpile but were further refined for the 
purposes of this research to help determine the effects of different components in 
the samples. However, the material gradation for samples ERRCO-3 and 
ERRCO-4 were maintained as close to ERRCO-2 as possible to eliminate 
variations in material strength due to grain size. Figure 4.2 shows the grain size 
distribution for the three ERRCO samples. 
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Figure 4.2: Grain Size Distribution for all ERRCO Samples 
As discussed in Section 3.2, in an effort to evaluate the effects of different 
components in the C&D debris by-product stream, ERRCO-3 and ERRCO-4 had 
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wood and brick hand removed respectively. The brick removed from ERRCO-4 
was approximately 12% of the sample by weight while the wood removed from 
ERRCO-3 was approximately 2% of the sample by weight. 
4.2.2 Unified Soil Classification System 
Using the Unified Soil Classification System (USCS), all materials were 
categorized through grain size distribution. The gradation of each sample was 
determined using the Uniformity Coefficient (Cu) and Coefficient of Curvature 
(Cc). All 12 materials were categorized as gravel/sand in nature. While ME-1 
was categorized as well graded gravel, all other gravels were categorized as 
poorly graded. ERRCO-2 and -3 were well graded sand, other sands were 
poorly graded. Table 4.1 shows the Uniformity Coefficient (Cu), Coefficient of 
Curvature (Cc), and USCS group symbol for each sample. 
Table 4.1: Unified Soil Classification Data 
The classification for the recycled materials is important because it allows 
direct correlation to similar baseline materials (ME-2 through ME-7) for CBR and 
MR. In addition, Figure 4.1 shows that despite some samples being graded as 
sand and others as gravel, all samples were very similar in nature, grain size, 
and gradations. The grain size data collected is presented in Appendix B. 
4.3 Material Attributes 
4.3.1 Specific Gravity 
AASHTO test T-100 was used to determine the specific gravity for each of 
the 12 samples. A volumetric flask and vacuum were used over the period of 24 
hours to achieve requirements of the pycnometer as per AASHTO procedure. 
After testing a calibration failure was identified in the scale used for specific 
gravity testing. As specific gravity was only calculated to better classify the 
material and not used as part of the research, the calculated values are not 
reported due to the possible error. However, the common specific gravity range 
for the type of material tested is reported in Table 4.2 (Das, 1997). 
Table 4.2: Common Specific Gravities 
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4.3.2 Atterberq Limits 
All materials were gravel/sand and non-cohesive in nature and therefore 
had very little fines. Consequently, they do not exhibit a plastic limit nor have a 
Plasticity Index. Despite no plastic limit, laboratory time was dedicated to 
determining the liquid limit with AASHTO test T-89 to better define each material 
for comparison by other agencies. However, the liquid limit was not possible due 
to grain size (percent passing #200 sieve <5%). All samples are therefore 
categorized as non-plastic. 
4.3.3 Loss On Ignition 
The LOI technique was used to determine the organic content of ERRCO-
2, ERRCO-3, and ERRCO-4 and the bituminous content of ME-8 and ME-9. 
AASHTO test T-267 established the first stage LOI temperature at 110°C for 
water content followed by a user selected ceiling temperature based on the 
material being ignited. Industry standard for organic material is a 500°C ceiling 
temperature while standard bituminous ceiling temperature is 550°C. 
Table 4.3: Loss on Ignition (Bitum or Organic %) for Recycled Samples 
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An important note with the bituminous LOI is that the aggregate 
components of the recycled material are not lost during ignition. Therefore, the 
weight lost is only the binder content of the recycled material. However, the loss 
still helps to clarify the composition of the C&D blends from Maine. Table 4.3 is a 
summary of the LOI for recycled materials. 
4.4 Optimum Water Content and Maximum Dry Density 
The purpose of AASHTO test T-180 is to determine the optimum water 
content of a soil. However, part of the procedure used to determine the optimum 
water content is to determine the wet density and then calculate the maximum 
dry density. Both aspects of this test are vital to producing accurate results 
during CBR and MR testing because they are sensitive to variations in water 
content. Therefore, ensuring that all strength testing is performed at optimum 
water content prevents erroneous variations in the data that are interpolated as 
material strength effects. Similarly, producing samples that are not at maximum 
dry density is interpolated as plastic material behavior and generates false lower 
strength. Both water content and density variations can lead to results with high 
inconsistency and therefore decrease repeatability. Using the methodology 
described in Chapter 3 ensured an accurate optimum water content and 
maximum dry density. The results shown in Table 4.4 are the average results of 
the two proctor tests. Because no deviation exceeded 20%, two tests accurately 
defined both the optimum water content and maximum dry density. 
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Table 4.4: Optimum Water Content and Maximum Dry Density for all Samples 
The natural samples varied in optimum water content from 6.0% to 8.75%. 
This is a very small band and consistent with the expected range for this type of 
non-cohesive granular material. However, the recycled materials have much 
higher contents. Due to the presence of wood, brick, and crushed concrete, 
these samples have a much higher capacity for water. In addition, these 
components have a much higher porosity than the soil fines and therefore must 
be near saturation before the water content allows the sample to compact in a 
denser configuration. ME-8 was the one exception. This recycled sample 
contained mostly recycled asphalt pavement as the C&D debris. Its binder, 
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Figure 4.3: Sample AASHTO T-180 Graph (ME-1) 
Although the maximum dry densities of the samples varied from 108 lbs/ft3 
to 142 lbs/ft3, it was expected that the three ERRCO samples would have a 
significantly lower maximum dry density due to the presence of wood and brick in 
the samples. Figure 4.3 provides a sample of water content versus dry density 
used to determine the optimum water content and is representative of the data 
collected for all 12 samples. All densities were in the expected range and 
provided important target densities for later compaction in 4-inch MR molds. All 
data collected and density plots generated as part of AASHTO test T-180 are 
available in Appendix C. 
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4.5 Bearing Ratio 
As previously mentioned, CBR values were the standard-bearer for all 
strength testing of base, subbase, and subgrade materials for many years. Many 
DOTs have CBR records dating back for decades. Although not very effective 
for selecting material for high traffic roadways, the CBR is a permanent part of 
the DOT culture. Depending on location, subgrade material may range from a 
CBR of 15% to 50%, while base/subbase is greater than 50%. However, the 
individual CBR values over 100% are rarely considered important in the design 
industry. Simply put, when used in the base/subbase design application, a 
material is either 100% or not. If below 100%, the material value is used. 
Conversely, a material that is 125% is not engineered differently than a material 
with 100%. This inconsistent use of the CBR is seen throughout the industry to 
include the MEPDG. Even though the CBR was designed for subgrade use and 
later expanded to base/subbase applications, the scale still stops at 100% for 
design purposes. However, CBR testing still reports the actual number after 
normalizing even when greater than 100% and there is certainly a difference in 
the material strength of a sample with 100% versus a material with 200%. When 
operating with base/subbase materials, it is common to find CBR values that 
range from 100% to 300%. 
4.5.1 CBR Testing Results 
Table 4.5 lists the CBR testing results for each sample, the average CBR 
value, and the deviation. Thorough startup procedures and meticulous system 
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calibration produced highly repeatable testing results. None of the 12 samples 
produced deviation greater than 12.1% (ERRCO-4) which was well below the 
20% criteria established in Chapter 3 for testing methodology. 
Table 4.5: CBR Testing Results for all Samples 
As expected, the Maine samples currently in use are all high quality 
materials that meet the industry standard (75%) for base/subbase application. 
Results ranged from 78% (ME-7) to 335% (ME-1). When test results for ME-1 
and ME-3 showed CBR values over 300%, the Maine DOT material testing 
center was contacted for more information about the fill. Mr. Wade McClay, head 
of the testing center, confirmed the materials were the state's best performing fills 
80 
and generated from gravel pits with high quality sand/gravel deposits. All CBR 
data is presented in Appendix D. 
4.5.2 C&D Debris Effects on CBR 
Both of the Maine recycled samples, ME-8 and ME-9, were blends of 
existing gravel samples with 30% C&D debris added. For example, ME-9 was a 
blend of gravel from the same pit (Gorham, ME) as ME-6 and blended with local 
C&D debris. Whereas ME-8 was a blend of gravel from the same pit (Dayton, 
ME) as ME-7 and blended with local C&D debris. Therefore, it is possible to 
investigate the effect of 30% C&D debris on both ME-8 and ME-9. 
ME-6 produced an average CBR value of 96%. While ME-9, the same 
gravel blended with RAP and RCA, produced an average CBR of 91%. With a 
historical variability of 12% deviation, it is not possible to determine if the C&D 
debris caused the slight reduction of 5% or if the change was simply statistical 
variation. Testing raw samples of the C&D debris used to create ME-9 would 
provide details, but samples were not available to test. 
ME-7 produced an average CBR value of 78%. Blending this virgin 
material with local C&D debris composed of RAP, RCA, and brick produced the 
recycled blend ME-8 and a CBR value of 52%. Similar to ME-9, ME-8 was 
approximately 30% C&D debris, but this blend resulted in a CBR reduction of 
40%. Well above the 12% deviation seen in CBR testing, it is easy to conclude 
the C&D debris caused the reduction. 
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What is not known from this testing, is if the relationship between 100% 
gravel and 100% C&D debris is linear. If it was a linear relationship, then 
blending easily could achieve the desired material properties based on the 
construction requirements. This could save vast amounts of money for natural 
materials replacement and testing. Only two set of tests would be required, one 
for raw C&D debris and one for raw virgin aggregate. However, if the change 
were not linear then a series of tests would be required to determine the 
approximate strengths of each blend percentage before using the recycled 
materials. Unfortunately, the C&D debris materials used for ME-8 and ME-9 
were not from the same source and varied in content, which prevents analyzing if 
the same C&D debris affects varying aggregates differently. It also prevents 
analysis on the effect of brick in the C&D debris. However, the ERRCO samples 
should provide this data. 
The ERRCO samples were of the same base material, consisting of 
crushed recycled concrete from the C&D debris stream. While ERRCO-2 was a 
sample that included the ubiquitous wood and brick, ERRCO-4 had the wood 
removed, and ERRCO-3 had both wood and brick removed. Intuitively, the 
removal of wood and brick should increase the material compressive strength 
(Fc) because the Fc of wood and brick are much lower than that of concrete (Fc ^ 
3-ksi). However, this might not be the case and must be considered carefully. 
While ERRCO-2 produced an average CBR value of 41%, ERRCO-3 and 
ERRCO-4 produced average values of 70% and 57% respectively; therefore, the 
removal of wood, 2% by weight, lead to a 32% increase in CBR. This increase 
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exceeds the 12% CBR deviation and is statistically important. For the same 
reason, the removal of wood and brick, 2% and 12% respectively, lead to a 52% 
increase in CBR. However, the 10% change in ERRCO-3 values and ERRCO-4 
values, prevent statistical confirmation to analyze the removal of brick alone. 
The variation due to brick can be estimated from ERRCO-2, -3, and -4 at 10% to 
20% ±12%. 
4.6 Resilient Modulus 
The MR test was designed to more accurately model a soil column under 
vehicular traffic than the CBR test. Like most tests or models that are more 
accurate in their methods, it is also much more complicated. Despite nationwide 
problems with repeatability of MR testing, the objectives of this research 
demanded repeatable results in order to draw conclusions about the effects of 
C&D debris on the MR. This lofty goal proved much harder to set in motion than 
originally considered. 
Unlike the CBR testing apparatus, two or three trials runs does not make 
one proficient in the use of the system. Every variable component of the triaxial 
testing equipment has long-term second and third order effects on the sample. It 
takes some considerable rehearsal time just to understand these interactions. 
Consequently, in January of 2007, MR pre-testing started on samples that were 
not part of the research data. The material used for this practice was similar in 
composition and gradation to the ERRCO samples. However, after 12 MR tests, 
and not a single pair of data that could be repeatable, it was time to bring in 
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outside help. In February and again in April 2007, GCTS consultant Peter 
Goguen conducted training on the system, upgraded the software, and 
recalibrated the hydraulic servo valves feedback process. Once completed, tests 
conducted on rubber test blanks produced results within the GCTS design 
standards. Following the training and system upgrades, some 25 additional 
training tests were completed while LVDTs were evaluated. As discussed in 
Chapter 2 and 3, two of the most important steps to ensure accurate MR results 
are thorough startup procedures and PID tuning. The training tests focused on 
ensuring both skills sets were ready for the research testing. 
4.6.1 Confinement Fluid 
Although AASHTO standard calls for confinement by air only, research for 
Protocol 46 determined confining fluid had no impact on the MR results and 
NCHRP standards allow for either air or water. When pre-research testing 
began, the GCTS MR was set up to run with air confinement as per AASHTO 
standards. However, after numerous problems with maintaining confining 
pressures, GCTS technicians recommended switching to water confinement and 
adopting the ASTM standards. In February of 2007, when GCTS representative 
Peter Goguen visited to help with training, he converted the system for water 
confinement. Despite initial success, the confinement problems actually 
increased after the upgrade. In April 2007, Mr. Goguen returned, upgraded the 
software, recalibrated the system, switched the confinement back to air, and ran 
confirmation tests. Once the upgrade was complete, and problem equipment 
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replaced, there were no additional problems with confinement fluid. All research 
testing was completed using this updated software and air as the confining fluid. 
4.6.2 Startup Procedures 
The purpose of the startup procedures are to guarantee that erroneous 
stresses are not applied to the sample prior to testing. Because the triaxial 
system is capable of applying large hydraulic piston loads, it is very easy to apply 
large undesired deviatoric stresses to the sample. In addition to using the 25 
training tests to learn the system and select LVDTs, these tests served to refine 
startup procedures. 
The principal goal of the startup procedure was to prevent undesired 
stresses on the sample. The first step to achieving this goal was to reconfirm 
load cell, LVDT, and air sensor gain and offsets. This step ensured the proper 
profile was loaded in the testing system and that the desired stress, via load cell 
feed back, was applied once the load rod made contact with the upper platen. 
Once gain and offsets confirmed the load cell, LVDT, and air sensor were 
configured properly, they were rezeroed to ensure proper starting levels. The 
second step was to disable all computer-controlled devices once gain and offsets 
were confirmed. This ensured that the computer system would not start 
initialization of the sample until the proper confining stress and deviatoric stress 
were established. Although the system is capable of applying initial stresses via 
feed back loops, this automated procedure often led to erroneous stress. 
Therefore, the third step was to manually apply the initial stresses and then start 
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allowed better calculation of sample height and maximum dry density, all of 
which helped to define each specimen and ensure the specimen started at the 
proper conditions. 
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Figure 4.4: MR Harmonic Response Example 
4.6.3 PIP Controls 
The second step to ensuring repeatable results is the constant monitoring 
of the PID controls. During a MR test, a pre-established haversine load is applied 
for 0.1 seconds and then unloaded for 0.9 second then loaded again. For each 
of the 15 MR cycles, this sequence is repeated 100 times. A user has two 
options to modify the load applied, Peak-Valley or PID. The first option is an 
automated check. The testing software uses a program known as "Peak-Valley 
Compensation". During this automated check, the GCTS system slowly modifies 
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the computerized initialization sequence. The closer the starting stresses were 
to the desired initial settings the less likely the computerized system was to over-
correct and apply erroneous force. 
A beneficial side effect of manually initializing the sample is the proper 
sequence order. As required by AASHTO standards, the confining pressure 
must be established prior to initial seating pressure, or contact pressure, of the 
deviatoric stress. By first manually producing the confinement pressure then the 
seating pressure, it was possible to ensure this required sequence was met. 
Because the computerized system is designed for continuous feedback from 
both load cell and cell pressure, the system tries to modulate both at the start of 
the test and a harmonic resonance was observed numerous times. Simply put, 
the deviatoric stress influences the cell pressure and vice versa. Trying to 
synchronize both at the same time led to a negative response that carried over 
into testing. Figure 4.4 is an example of a harmonic sequence captured on 
screen in the GCTS control panel. This harmonic response subjected a 
specimen to undesired stresses and invalidated protocol assumptions. However, 
unless the response resonated, causing the sample to fail, it could be mistaken 
as a valid test by all other AASHTO requirements. Preventing this type of 
behavior, and others, was the reason for manually starting the test. Preventing 
this type of situation, through the in-house startup procedure, was an 
instrumental step in producing repeatable results. 
The startup procedure established also allowed for additional 
measurements, not required by AASHTO, to be taken prior to testing. This data 
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the hydraulic pressure to achieve the desired results. By using feedback loops, 
the system can modify the hydraulic pressure and then add/subtract fluid to 
ensure the proper stress is applied to the sample. For example, the peak control 
limits the stress of the load cycle from exceeding AASHTO standards. If the 
applied load does exceed the standard, the applied peak load is reduced slightly 
for each following repetition. At the same time, the valley control ensures the 
required minimum contact stress is maintained during the 0.9-second unloading. 
Figure 4.5 shows a test sequence with and without the compensation tool. 
The first frame in the figure shows a sinusoidal unloading that exposes the 
sample to not only stress below the required contact pressure but also to 
negative contact stress resulting in erroneous stress and possible sample 
deformation. The second frame shows both these problems resolved by the 
computerized peak-valley tool. Fine-tuning the load sequence proved very 
helpful and prevented erroneous data collection. 
Figure 4.5: MR Examples Without and With Peak-Valley Compensation 
preventing negative principal stress (note change in y-axis scale) 
The peak-valley compensation tool makes very small incremental 
changes. Therefore, it is possible for the compensation tool to take much longer 
than 100 repetitions to achieve the desired haversine peak and valley loads. The 
MR is recorded and calculated from the stress and strain of sequence 96, 97, 98, 
99, and 100, and even if the proper loads are achieved by sequence 95, the 
sample has not been properly stressed during the 95 previous sequences. As a 
result, future cycles are not an accurate representation of the strength or 
resilience of the material, leading to erroneous MR data. 
Consequently, it is important to manually aid this process via the second 
control option PID. With the PID gain controls, a user can modify the "Peak", 
"Intensity", and "Duration" of the loading sequence. However, in a MR test, the 
duration is set by AASHTO standards at 0.1 seconds and therefore adjustment of 
the duration gain does not affect the sequence. For the same reason, the 
applied load in haversine form by AASHTO standards means the intensity gain is 
not a variable function either. The peak gain, however, can quickly adjust the 
applied load to match the required load within 5 to 10 sequences. 
The first frame of Figure 4.6 shows an applied load (black) that is much 
larger than the AASHTO required load (blue). The second frame shows this load 
after adjusting the peak gain control where the proper load is applied to the 
sample. Quick and proper adjustment of the peak gain control is a vital step in 
producing repeatable results. Experience showed that the control must be used 
in the early stages of the cycle (sequence 25 or less) to achieve proper results 
and prevent numerous sequences of overloading or under-loading. In addition to 
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manual PID, the use of a peak-valley compensation tool was crucial to prevent 
sinusoidal response during the unloading period and to prevent reduced contact 
stress. Use of both techniques during testing helped to decrease deviation. 
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4.6.4 Blank Testing and Hysteresis Check 
After all components of the GCTS passed calibration, a confirmation test 
with a rubber insert was conducted. This insert is known as a rubber blank and 
allows the system to run at full capacity without the possibility of specimen failure 
to confirm MR testing is ready for data collection. The rubber blank allowed for 
checks in the load cell setup, LVDTs placement and setup, proper confining 
stresses, AASHTO load sequence, and computer data collection. 
The next step performed was a steel insert, or steel blank. This blank is 
an exact specimen replica made of A36 steel. Because the loads used in MR are 
based on soil strength, the maximum deviator stress is 40 psi. Hence, the steel 
blank, with Fy = 36 ksi, does not deform significantly under the load. Therefore, 
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any recorded deformation is due to flexure of the GCTS system and recording 
instruments. By using the blank, it was possible to confirm if system flexure was 
of concern in the data collected. Results of both the rubber blank and steel blank 









Resilient Modulus vs. Bulk Stress 
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Figure 4.7: Resilient Modulus versus Bulk Stress (Steel and Rubber) 
As Figure 4.7 shows, the magnitude of MR from the steel blank is well over 
2000-MPa. In comparison to the range of expected MR results, maximum of 700-
MPa, the steel blank confirms that erroneous data from machine yielding is not of 
concern for this research. 
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The final check prior to conducting research testing was to run a full MR 
test on a sample material. This final test was to confirm all GCTS systems were 
functioning properly and stresses applied to the sample were acceptable. In 
addition, this test provided data to confirm elastic behavior in the sample. By 
taking the raw data from the MR test, a stress-strain curve was plotted for the first 
five cycles, cycle 1 through cycle 5. If the Elastic Modulus, or slope of the curve, 
was the same for each cycle, then the sample was behaving elastically. Figure 
4.8 shows the hysteresis plots for Sample 1-22, and graphically illustrates the 
Modulus of multiple cycles confirming the elastic behavior during testing and 
absence of permanent strain. 
Stress-Strain from Resilient Modulus 





Figure 4.8: Hysteresis Loops for Sample 1-22 
4.6.5 Testing Results 
After establishing startup procedures, hands on training with GCTS 
trainers, and countless practice tests from January to May 2007, the research 
tests were preformed from June to September 2007. Table 4.6 shows the MR 
testing results for all final tests, the average values, and deviations. All MR 
testing results are presented in Appendix E. 
Table 4.6: MR Testing Results for all Samples 
It is important to understand where these 24 data points originate. Each 
MR test is actually the evaluation of the same sample at 15 different deviatoric 
and confining stress combinations. Consequently, each MR tests actually 
produces a series of 15 data points (1 per cycle). Each data point being the 
average of the last five sequences per cycle. These 15 data points give not only 
the MR value for each combination of stresses, but also show trends in the data. 
For example, the first frame of Figure 4.9 shows the 15 data points of bulk stress 
(ai+a2+a3) and resilient modulus (aJtR) for ME-4 Sample #1. The second frame 
shows this data plotted as log resilient modulus versus log bulk stress. 
Reduced Data from Testing 


























































Resilient Modulus vs. Bulk Stress 
(ME-4 Sample #1) 
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Figure 4.9: MR Test Data and Resilient Modulus versus Bulk Stress (ME-4 
Sample #1) 
The first step in analyzing the data is to determine the average MR for the 
test. The bulk stress is defined by AASHTO standards and therefore serves as 
the input variable in the test; the output of the test procedure is the MR for each 
sequence. The average MR is used to represent the samples' 15 cycles. As 
discussed in Chapter 3, the LTPP and MEPDG cannot use a generic average of 
MR for Level-1 input because the average does not correspond to a specific 
deviatoric and confining stress combination. However, it is possible to use the 
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average MR value for Level-2 input and comparative analysis because all 
samples are tested with the same stress combinations. 
Reduced Data from Testing 























































Figure 4.10: MR Test Data and Bulk Stress versus Resilient Modulus (ME-6 
Sample #2) 
The second step in analyzing the data is to evaluate the plot trends of the 
sample. In this case, Figure 4.10 shows an increase in MR with an increase of 
bulk stress. Therefore, as confining pressure increased, the sample became 
proportionally stiffer despite an increase of deviatoric stress. Not all samples 
showed this trend. For example, Figure 4.10 shows a data set, ME-6 Sample #2, 
which maintained the same MR as bulk stress increased. Again, as confining 
pressure increased, the rigidity remained proportionally the same as deviatoric 
stress increased. It would also be possible for a sample to trend with decreasing 
MR as bulk stress increases. However, for the most part, this also coincides with 
long-term plastic deformation and the sample failing at 5% strain. 
Resilient Modulus vs. Bulk Stress 
(ME-6 Simple Z) 
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The average MR ranged from a low of 135-MPa (ERRCO-4) to a high of 
643-MPa (ME-2) and all samples met the deviation cutoff of 20%; albeit ME-4 
just barely at 19.87%. The MR for natural materials was highly variable ranging 
from 169 (ME-4) to a high of 643. This does not follow the same pattern seen in 
the CBR testing where natural materials had very similar results. This suggests 
that high quality fill, defined by CBR and strength alone, does not represent 
material with high MR. 
Notably, this contrast was exactly what concerned contractors with 
roadway design based on CBR testing alone. Therefore, despite using strong, 
high quality material for base/subbase application, the road might still experience 
high settlement, cracking, and rutting after vehicular use. Whereas a CBR test 
does not quantify this type of information, the MR does. 
The two important ways MR testing quantifies this information to the user 
is by removing permanent deformation through pre-conditioning and by plastic 
strain monitoring. First, by pre-conditioning a sample with 500-1000 sequences 
of "traffic" load before the test starts, it is possible to evaluate the long-term 
elastic resiliency of the sample. For example, if a material has a high elastic 
strain at a given deviator stress it will result in a lower MR than another sample at 
the same deviator stress with less elastic strain. Although ideally both samples 
could carry the same static load, the material with the higher MR would have less 
permanent deformation and therefore fewer surface cracks and decreased 
rutting. Second, the entire plastic deformation over the MR test is measured and 
the sample fails if plastic strain exceeds 5%. This is an indication, that despite 
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CBR strength, the material will deform excessively after being placed into 
service. 
Figure 4.11 graphically shows the average MR for each sample to help 
identify possible trends. One notable trend, the three materials that were 100% 
C&D debris (ERRCO) were significantly lower than most samples and the three 
lowest of all samples. However, the same cannot be said for the blended C&D 
debris samples, which had very high MR (303-MPa & 381-MPa). 
Figure 4.11: Average Resilient Modulus for all Samples 
Unfortunately, the very small deviations in ERRCO MR results prevent 
statistical analysis since 25% deviation is common in MR testing. Even with the 
very small deviations seen between the ERRCO samples, all less than 2%, the 
extremely close results do not allow for brick and wood effects to be analyzed. 
By first evaluating ME-6 and ME-7 and then comparing them to their 
blended C&D debris counter parts; it is easy to see the same trends from CBR 
testing do not apply. In CBR testing, ME-9 resulted in a 5% reduction from ME-6 
and ME-8 a 40% reduction from ME-7. In the MR testing, the exact opposite was 
true. ME-9 produced a 63% reduction from ME-6, while ME-8 produced only a 
17% reduction from ME-7. Add to the deviations, the 25% variance found in MR 
testing, and only the change in ME-6 to ME-9 is statistically important. 
If the change in ME-6 & 9 was due to a reduced strength in the C&D 
debris, why was it not seen in CBR testing? Moreover, why was the large 
reduction in CBR bearing strength between ME-7 & 8 not seen in the MR testing? 
The first answer is that bearing strength and modulus of elasticity are not always 
correlated; usually, but not always. The second answer is that CBR and MR are 
often correlated, but as Section 4.6.6 testing will show, that relationship is not as 
sound as Equation 2.7 would suggest. Therefore, the association of CBR and 
MR is closely evaluated in Section 4.6.6. 
4.6.6 CBR Predictive Model Results 
Simply taking the CBR predictive model and evaluating the correlation 
between CBR and MR suggests that as the CBR increases, MR will always 
increase. However, remembering that this model is a best-fit representation of 
4,000 data points by DOTs, it is important to compare the actual data in some 
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detail. Equation 2.7 is the conversion equation, or predictive model, of CBR 
value to MR in units of psi. 
MR = 2555(CBRf6 (Equation 2.7) 
Using Equation 2.7 to predict the MR results for this research data allows 
the direct comparison of CBR and MR for each sample. Figure 4.12 shows the 
average predicted MR (based on Equation 2.7) and the average actual MR (based 
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Figure 4.12: Predicted MR and Actual MR for all Samples 
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The first trend that is noticed between predicted and actual MR is that 
there seems to be no trend. Some of the predicted MR values are much higher 
than the actual values (ME-1, ME-3, ME-4, and ME-5), some of the predicted are 
much lower (ME-2, ME-6, ERRCO-3, and ERRCO-4), and some are 
approximately correct (ME-7, ME-9, and ERRCO-2). There does not appear to 
be a correlation with lower values being closer as ME-4 is the largest in 
deviation. While the model is based only on natural materials with CBR values 
ranging from weak subgrade to high quality base, it is interesting that the five 
recycled materials have a much smaller deviation than the seven natural 
samples. The model does not appear to be an accurate way of predicting the MR 
for base/subbase materials, and therefore should not be used for designing 
roadways with C&D debris in that capacity. 
Take for example ME-1, with a predicted value of 728 [MPa] and an actual 
value of 375 [MPa]. If an engineer used the CBR model for design purposes, the 
material placed on the job site would actually have only 52% of the expected 
strength. This large deviation reveals some insight to Mr. McClay's comment 
from the Maine DOT about CBR values over 100%. Is it possible for a soil to 
have a CBR of 800%? If the results for the predicted MR are limited to a 
maximum CBR value of 100%, then the predicted value is limited. Although this 
conveniently pairs some of the data, Figure 4.13 shows that this data does not 
have a more accurate correlation. Limiting the input data in this manner also 
does not address the cases were the actual MR is less than the predicted. 
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Resilient Modulus Comparison 
CBR Input Limited to 100% 
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Figure 4.13: Predicted MR and Actual MR for ail Samples with CBR Limited 
Instead, it may help to evaluate the data another way. Figure 4.14 shows 
the evaluation of data when comparing the model results with the actual results. 










Resilient Modulus Testing Data 
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Figure 4.14: CBR Predicted MR versus Actual MR 
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However, the CBR to MR was based primarily on fine-grained materials. Similar 
to the WisDOT findings about the LTPP data, the model decidedly does not fit 
coarse-grained materials as well. 
Figure 4.15 graphically shows that the lower the CBR the better fit to the 
predictive model even with these coarse-grained materials. The samples with 
CBR in the range of 45% to 100% appear to follow the model much better than 
the samples with CBR over 125%. 
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Figure 4.15: Actual MR versus Actual CBR with Predicted Equation Plotted 
4.6.7 Modified Equation Model Results 
4.6.7.1 K-Valuesfrom Modified Equation. DataFit software was used to 
perform regression on the MR research data to determine the Ki, K2, and K3 
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variables of the MR modified equation. The modified universal equation, 
Equation 2.6, models the 15 bulk and deviatoric stress combinations of the 
sample to represent the behavior of the sample. Therefore, regression of the 15 
data sets determines the K-values and the statistical data associated with fitting 
the model. 
MR=KxPa 








Regression was performed on each sample (15 data points) and then 
again on each sample set (30 data points). For example, regression on ME-4 
Sample #1 yielded K-values that fall within the LTPP guidelines and with a R2 
value of 0.91. This suggests the model accurately represents the data and 
follows the same trends that the ETG found in their research. Regression on 
ME-4 Sample #2 also yielded K-values that fall within the LTPP guidelines and a 
R2 value of 0.94. However, when the 30 data points are combined, the resultant 
regression produces a K3 value outside of the LTPP guidelines and a R2 value of 
0.66. Therefore, despite accurate model representation of each sample the 
combination is not accurately modeled by the equation. Although the K-values 
are statistically determinate, the modified equation for the combined data is not 
statistically representative. Table 4.7 shows the regression results, to include K-i, 
K2, K3> and R2, for all samples. 
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Of the 24 MR tests, only five meet the NCHRP guidance of R2 >0.90. This 
does not mean the MR is not accurate or valid, but rather in general coarse-
grained soils are not accurately modeled with the MR modified universal 
equation. In addition, only one material, ME-4, had both samples with regression 
statistics meeting the guidelines. However, despite the model not accurately 
representing the data, the K-values for each of the natural samples still follow the 
LTPP guidelines for trends and value range. This indicates the material behaved 
in the same manner found by the ETG. The K-values for both blended recycled 
materials also followed this same trend. Conversely, the K-values for the six 
100% C&D debris tests were all outside the guidelines for the LTPP data. This 
suggests that the material did not respond in the predicted manner. 















































































































































































Table 4.7: Modified Equation Regression Results for all MR Samples 
While some materials had one sample with an extremely high R , the 
other sample had a very low R2. Take for example, ME-1 and ME-9. Each 
material had one of the samples with R2 of 0.94 and 0.99, while the second 
sample was 0.36 and 0.44 respectively. Both of these materials had average MR 
over 300-MPa and therefore would be qualified as high-grade materials. In 
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contrast, four samples fit the MR modified equation far better than other materials. 
ME-4 and ERRCO-1, ERRCO-2, and ERRCO-3 all have R2 values above 0.77 
for both samples. Accordingly, it appears that the lower strength materials fit the 
MR model better. Predictably, these results coincide with the WisDOT findings. 
Recalling that the MR models originated from the 2,500 LTPP data sets, it 
is important to note that only 180 of those data points represent base/subbase 
materials and the remainder are subgrade materials. Thus, the LTPP model was 
decidedly biased for subgrade materials. Therefore, it is not surprising to find the 
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Figure 4.16: Predicted MR versus Actual MR (All Cycles) 
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Despite the modified universal equation having poor statistical 
representation of most of the samples (19 of 24), there is still one step that 
should be performed to evaluate the modified equation with the research data. 
Although each MR test consists of 15 data points, it is common to average the 
value to one point to represent the sample. Remember, the average of the 15 
cycles was used from the actual testing and for MEPDG Level-2 input. Figure 
4.16 shows all 360 data points when comparing actual MR versus predicted MR. 
As expected from the corresponding R2 values, the model does not appear to 
represent the data. 
However, using this same methodology and disregarding the R2 values 
momentarily, the K-values from each sample were used to calculate the 
predicted MR for each of the 15 data sets. Then, just like the actual data, the 
average of the predicted MR is used to represent the sample. The modified 
model did not statistically reflect the 15 data cycles as the data itself was highly 
fluctuating and only one material had an R2 >0.90 on both samples. When 
statistically evaluating the match of average predicted MR versus average actual 
MR, the model provides an adequate representation of the data. Figure 4.17 
shows the actual MR average versus the predicted MR average. 
Despite the poor fit of the modified equation for individual stress cycles for 
each sample, the modified equation matches the actual averages very well with a 
R2 of 0.93. It is therefore plausible to use the universal equation to predict an 
average MR value for coarse-grained material despite inaccurate modeling for the 
stress combinations. 
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Resilient Modulus Testing Data All Tests Combined 
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Figure 4.17: Average Actual MR versus Average Predicted MR 
4.7 Mechanistic-Empirical Pavement Design Guide 
4.7.1 MEPDG Road Design 
The next step in roadway design, once laboratory testing is complete, is to 
use a model and determine layer requirements based on material properties. 
However, for the sake of research, the exact opposite was the next step. In an 
effort to hold all variables constant and evaluate the effect of the base/subbase 
materials, a uniform base thickness of 15-inches was used for all models. As 
described in Chapter 3, the goal of using the MEPDG was to use the exact same 
base model for all tests and only change the CBR value or MR of the layer to 
capture the effects. Therefore, instead of using the MEPDG to design the correct 
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layer thickness to prevent cracking, the design guide was used to estimate the 
cracking based on constant thickness and to evaluate comparative results. 
4.7.2 MEPDG Road Simulation 
In an ideal world, to evaluate the affect of each sample material on 
roadway performance, actual test road sections with different base/subbase 
materials would be used, while holding all other variables constant. However, 
this would require vast amounts of material, space on either an active road or 
test site, and five or more years to evaluate performance. All of this associated 
with additional cost. The second is a simulation of the same procedure. Simply 
put, the current understanding of long term effects of C&D debris does not justify 
the time, space, or money at this point in time. Simulation testing was used to 
evaluate the materials in the roadway. While the MEPDG serves as the current 
state-of-the-art practice in roadway design, it also serves as the modern standard 
for roadway simulation. 
The first piece of information needed was to understand the simulation 
boundaries with the base model. A trial simulation was conducted at the 
maximum and minimum values for both CBR and MR. Table 4.8 shows the 
simulation results for these extreme cases. Interestingly, the minimum and 
maximum CBR values do not correspond to the MR values. For example, using 
CBR input, the minimum value possible to enter is 1%; whereas the minimum 
value for MR is 500-psi. Using the CBR-MR conversion equation, a CBR of 1% 
corresponds to a MR of 2555-psi. As a result, the expected rutting for the 
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minimum MR would be much greater than the CBR minimum. The same holds 
true for the maximum values. The maximum CBR is 100%, while the maximum 
MR is 5,000,000-psi. To establish the rutting limits of the MEPDG program, the 
minimum and maximum values of both CBR and MR were used in the base 
model. 
Table 4.8: MEPDG Minimum and Maximum Values with Corresponding Rutting 
at 10-year 
The final step in the MEPDG was to analyze each sample for both CBR 
and MR. This is an important step as it defines the actual effect of the difference 
in CBR and MR with respect to design. Obviously, ME-1 is the same material 
used in both CBR testing and MR. However, what does the stark difference in 
expected MR, when predicted with CBR, and the actual MR mean? Does one of 
these values result in over-design or under-design? Table Figure 4.18 is the 
summary of all simulation testing for both CBR and MR. 
Based on the predicted MR, 728-MPa, and actual MR, 375-MPa, from 
sample ME-1, logic would suggest that the same disparity would be seen in the 
rutting. However, this disproportion is not apparent in the simulation. One 
reason for the decreased difference in rutting is the maximum CBR value. 
Despite having a CBR value of 335% and predicted MR of 728-MPa, the MEPDG 
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runs the simulation with a CBR value of 100%. Consequently, the design 
strength would instead be approximately 335-MPa and very close to the actual 
MR of 375-MPa. Therefore, any sample whose CBR value resulted in a higher 
predicted MR than actual MR will appear to have a better fit in the simulation. 
This is not actually the case, but rather a mathematical limit of the design model. 
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Figure 4.18: MEPDG Rutting Depth for all Samples (CBR & MR) 
When comparing actual MR to a lesser predicted MR, ME-2 had the largest 
deviation. The actual MR produced a value of 643-MPa compared to the 
predicted MR value of 366-MPa, almost a 50% reduction (similar to ME-1) but in 
the opposite context. In this situation, the deviation is still apparent in the rutting 
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analysis. The same is also true with ME-6 and ME-8. However, a 50% reduction 
should be mathematically evident in the rutting. Taking into consideration the 
minimum and maximum rutting (with both predicted MR and actual MR) it would 
be possible to see a 50% increase in rutting potentially associated with a 50% 
decrease in MR. However, ME-2 cannot be used for this evaluation simply 
because the actual CBR value was greater than 100% and therefore limited by 
the simulation. Conversely, ME-6 had a CBR of 97% and can be considered. 
The predicted MR would therefore produce a value of 329-MPa compared to an 
actual MR value of 587-MPa. This deviation represents a 44% reduction in MR. 
Table 4.9 lists the simulation results of using these MR figures to determine 




















Table 4.9: ME-6 Deviation of MR and MEPDG Simulation Results 
Even when correcting the rutting deviation for maximum and minimum 
possible rutting, the 44% deviation does not translate through to rutting. Whether 
intentional or not, the MEPDG helps consider all of these discrepancies during 
the simulations. Accordingly, if the MEPDG considers all this, then the data must 
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Figure 4.19: MEPDG Rutting Results with NCHRP Failure and CBR-MR 
Maximum Rutting Lines Annotated 
As per NCHRP standards, a rutting failure occurs at deformation >0.75-
inches. It is possible to fail this limitation with both CBR and MR minimum values, 
which could lead to rutting of 0.923 and 1.635-inches respectfully. Figure 4.19 
shows the MEPDG simulation results for rutting. Displayed on the figure is the 
NCHRP rutting failure line and maximum rutting possible for both CBR and MR. 
For perspective, the scale on the y-axis shows no rutting at the top of the axis 
and 2.0-inches at the bottom of the axis. The lack of sensitivity in the MEPDG 
becomes clear when viewed at this level. Despite large variations in CBR values 
and MR values, it is easy to see that those variations do not carry over into the 
MEPDG rutting output. 
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All 12 samples, both CBR and MR simulations, meet the NCHRP rutting 
standard. Just as the seven high performance Maine DOT materials vary greatly 
in simulation performance, so do the recycled samples. In addition, the three 
100% C&D debris samples would result in greater deformation than any of the 
natural or blended options, but only in the order of 0.029-inches for the worst 
case. 
Originally, the MEPDG simulation was planned for further evaluation by 
the K-values on all samples. This would create a comparison of samples that 
met the standard of R2 >0.90 to samples that did not meet the standard. 
Because the K-values mostly fell inside the LTPP guidelines for range, this would 
allow for determining the impact of modeling with the modified equation when it 
was not an accurate representation. As shown in Section 4.6.6, despite the 
modified equation not statistically representing most samples at each stress 
combination, the sample average still produced results that accurately modeled 
the average MR. However, the MEPDG is currently not capable of analyzing 
layers based on K-values, as discussed in Chapter 2 and 3. 
4.8 Summary 
Using the battery of tests described in Chapter 3, the material properties 
for all samples were presented in order to clearly identify the types of materials 
used in this research. This allows future refinement and comparisons with similar 
materials. Using results of the two key material strength tests, CBR and MR, 
repeatability of results and prediction models were evaluated. Finally, 
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simulations conducted with the MEPDG assessed the performance of each 
material. Every procedure used and every process taken was intentionally 
meant to use the current state-of-the-art process and evaluate the performance 
concerning current roadway design. 
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CHAPTER 5 
CONCLUSIONS & RECOMMENDATIONS 
5.1 Conclusions 
The objective of this research was to investigate the use of C&D debris in 
roadway base/subbase application through testing and simulation. This work 
focused on using the current state of practice for material testing and roadway 
design to achieve the desired end state. 
5.1.1 Material Classification 
The current AASHTO standards for material classification adequately and 
accurately determined the material properties for both the coarse-grained and 
C&D debris samples. The laboratory results from this research confirmed testing 
results of two outside agencies. Therefore, the current standards for material 
classification are more than sufficient for future work with C&D debris materials. 
One caveat, is LOI testing. The presence of two materials, organics and 
bitum, required LOI testing to determine quantities present. Because the furnace 
ceiling temperature for organics and bitums are the same, ~550°C, any sample 
tested with both materials present must undergo hand screening and two 
separate LOIs to determine the volumes in the sample. 
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5.1.2 Material Strength Testing 
Current CBR standards produce approximately 12% variation nationwide 
with coarse-grained materials. Testing during this research produced variations 
between 0.1% and 9.5% for natural materials and variations of 0.1% and 12% for 
C&D debris. As a result, CBR testing proved reliable and very valuable to 
assess the recycled material. CBR testing can and should be performed on 
future C&D debris samples. 
Nationwide variations for MR range from 19% to 26% for coarse-grained 
material, the results from this research showed much less deviation. While one 
MR sample showed 19% deviation, the remaining 11 samples were less than 
12%, many with only 1-4%. Although the accuracy and repeatability of MR is in 
question as an industry, evaluating a material with a test other than bearing ratio 
provides valuable insight to the materials performance. 
For example, one research sample showed a 5% reduction in bearing 
capacity when blended with C&D debris with a CBR around 95%. This suggests 
to a DOT that the material is high quality and behaves similar to the original 
material after blended with C&D debris. However, the same sample produced a 
52% reduction in MR. Despite being a controversial test, in this case, it would 
provide valuable knowledge about an overly optimistic design assumption. The 
MR test should be performed on future C&D debris and is relatively repeatable 
(±15%) even with coarse-grained and recycled materials. 
Following the current testing standards, research testing confirmed the 
high deviation (±15%) associated with MR testing. However, the principle use for 
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MR is to design a layer thickness with the MEPDG. Results from the MEPDG 
showed that layer performance is insensitive to even large variations in MR. In 
one case from the base model used, a MR reduction of 50% resulted in only 0.02-
inches of additional rutting. This change would correspond to a design thickness 
change in the base layer that is even smaller. Moreover, that change would be 
rounded to the nearest inch for ease of construction anyway. Consequently, 
despite the vast concern for accuracy of MR, the impacts of the variation are 
actually minimal. The MR test, with proper laboratory protocols, should be used 
for future C&D debris analysis. 
5.1.3 Resilient Modulus Predictive Model 
Research testing produced an R2 value for this model of 0.01. This trend 
for coarse-grained materials has also been reported by research at other 
universities and DOTs. The MR predictive model, based on CBR values, should 
not be used to predict MR for coarse-grained materials. 
5.1.4 Resilient Modulus Universal Model 
As NCHRP states in the MEPDG, if the R2 <0.90, then another model 
should be considered. Clearly, the LTPP testing showed that this model very 
accurately fits a vast majority of samples. However, this research found a poor 
correlation for coarse-grained materials as 19 of 24 samples did not meet the 
0.90 threshold. This research demonstrated, as WisDOT concluded from their 
research, the modified universal model is not appropriate for coarse-grained 
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samples. Although, this research did find another productive use for the modified 
equation: to model the average MR for coarse-grained materials. 
5.1.5 Pavement Design Guide 
Just like any software program that is a work-in-progress, until the full 
version is available to test and review, one must be careful making decisions 
about the program. The fact that the pavement design guide is more than six 
years late to market, requires numerous updates just to operate, and is still only 
66% complete, makes it hard to speak definitively about the program. Although, 
the portions that are functioning give valuable insight to the possible performance 
of a roadway and at the very least give comparative data summaries. For the 
purposes of this research, the MEPDG was productive and useful. However, its 
use should be reevaluated after Level-1 inputs are fully functional and compared 
to an actual field site for accuracy. 
5.1.6 C&D Debris Use As Base/Subbase 
Despite initial trepidation about using C&D debris as a replacement for 
natural base/subbase materials, this research conclusively suggests otherwise. 
While 100% C&D debris options do not provide extremely high bearing capacity 
or MR, they do provide strength and modulus that is well above the minimum 
requirements. At the same time, existing gravel blended with C&D debris 
produced results as good, if not better, than virgin materials. The idea of 
"watering down" the natural materials with C&D debris to save local natural 
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resources, transportation costs, and landfill usage is not only environmentally 
sound, but also economically advantageous. Wherever and whenever the 
location allows, this option should be investigated and used. 
5.2 Recommendations 
5.2.1 Factorial Experiment 
As Section 4.5.1 (CBR Testing Results) and Section 4.6.4 (Resilient 
Modulus Testing Results) alluded to, numerous variations in the CBR and MR 
could not statistically be determined because many unknowns were changing at 
the same time. Therefore, a double factorial experiment is recommended. Using 
the exact same testing protocols (CBR & MR), select two different gravel 
materials, and a source of C&D debris concrete, then, test C&D debris blends of 
0%, 20%, 40%, 60%, 80%, and 100% for both gravels. Using these 12 
combinations would allow for the influence of various amounts of gravel and C&D 
debris to be evaluated. In addition, by conducting the tests on two natural 
materials, the C&D debris effects could be evaluated and correlated. 
5.2.2 Resilient Modulus Testing 
As with any database, the more tests available to compare data, the more 
evaluations and conclusions can be made on the data and sources of variation. 
Additional testing of coarse-grained materials that are currently used in the 
region would provide valuable data sets for future research. Additionally, in 
order to further evaluate the affects of brick and wood on resilient modulus, more 
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MR testing should be conducted on the ERRCO samples. As the company is 
very willing to donate samples, a large number of tests could be conducted on 
the ERRCO material, with more detail spent on looking into the effects of wood 
and brick by percent, on the C&D debris strength. 
5.2.3 Alternate Testing 
At 25% variation, repeatability of the MR test is obviously a concern. Other 
types of triaxial tests could be performed on the same material to determine if the 
same effects and variations are present. In addition to other triaxial tests, the 
same MR test could be performed but at different stress combinations based on 
local field data. 
5.2.4 Confirmation Field Testing 
Although actual road testing was not in the purview of this testing, it would 
allow for possible confirmation of the MEPDG to model roadway use. As the 
State of Maine has roadway projects built with the seven DOT natural samples, it 
would be possible to evaluate the performance of some materials in use and 
compare them to MEPDG predictions. Using this methodology, it could confirm 
or deny the use of C&D debris provided the MEPDG accurately predicted the 
Maine test sections and further suggested that a C&D debris material was viable. 
Despite each roadway having different characteristics, this would be a very 
valuable resource to understanding the difference between natural materials and 
C&D debris potential. 
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APPENDIX A: Resilient Modulus Startup Checklist 
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Page 1 of 3 Resilient Modulus Checklist Rev. 07/2007 




Date of Test: 
• Confirm everything is clean 
• Double-check O-ring seal grooves 
• Weigh Membrane 











Lubricate the base using WD-40 
Apply vacuum grease to bottom platen 
Insert membrane on bottom platen 
o Install one large O-ring on bottom platen 
o Install one small O-ring on bottom platen 
Install vacuum mold and ensure proper placement of front & back pieces 
o Install and tighten bottom clamp ring (place 1/3 up from bottom) 
o Install and tighten upper clamp ring (place 1/3 down from top) 
Note: Ensure even tightening of clamp rings 
Apply vacuum grease to top of mold 
Reverse membrane onto upper lip of mold 
o Install one large O-ring on upper lip of mold 
o Install one small O-ring on upper lip of mold 
Apply vacuum to membrane 
Note: Use house vacuum line 
Ensure free-draining sample 
Prepare vibratory hammer 
Take moisture content sample twice 
Note: Mark code on side of weight boat 
o Weigh containers 
o Obtain weight boat samples 
o Place in oven 
Code W c w w wD w% 
Page 1 of3 Resilient Modulus Checklist Rev. 07/2007 
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Page 2 of 3 Resilient Modulus Checklist Rev. 07/2007 
• Weigh sample bucket 
Note: Weigh with vibratory hammer bit, scoop, soil and membrane (without 
cover) 
Weight of Sample-Before 
• Prepare sample with 5 lifts 
Note: 10 lb. Proctor Hammer = 25 blows/layer 
or 
Prepare sample with 10 lifts 
Note: Vibratory Hammer =15 seconds/layer (do not adjust speed) 
a Reweigh bucket, scoop, soil, and vibratory hammer bit 
Weight of Sample-After 
Weight of Specimen (WBefore-WAfter) 
• Level top of sample with stainless steel upper platen 
• Place porous top platen on leveled sample 
D Remove debris from O-ring channel 
• Install top of chamber and load rod 
• Connect vacuum tube to upper platen 
• Apply vacuum grease to upper platen 
D Invert membrane on upper platen 
• Apply vacuum to membrane 
• Carefully remove specimen mold 
• Check membrane for holes 
• Apply latex membrane to holes (if needed) 
p Apply high vacuum grease to O-ring groove 
p Record height of specimen 
Height of Specimen 
p Install chamber wall 
p Apply high vacuum grease to top of chamber walls 
p Install upper chamber locking ring 
p Install top locking ring 
• Move specimen in line with axial load shaft 
p Tighten chamber locking nuts 
p Install LVDTs 
p Connect LVDT wires 
p Confirm LVDT inputs 
Page 2 of 3 Resilient Modulus Checklist Rev. 07/2007 
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Page 3 of 3 Resilient Modulus Checklist Rev. 07/2007 
•• Process: System\Inputs\Analog\LVDT l\Edit 
D Displacement 0.25 #3 
n Check displacement 0.25 #4 as LVDT 2 
• Confirm LVDT height 
• Establish confining pressure 
• Open supply valve 
• Open air pressure valve 
D Zero-out to current air pressure 
• Connect to chamber valve 
• Open chamber valve 
• Confirm top chamber valve is closed 
• Apply 68.9 kPa of pressure 
• Establish deviator stress 
D Zero-out axial load cell 
• Apply 50 N of stress 
• Remove vacuum from specimen 
• Establish free-draining specimen 
D Execute resilient modulus test 
• Upon completion of test, take moisture content sample twice 
Note: Mark code on side of weight boat 
o Weigh containers 
o Obtain weight boat samples 
o Place in oven 
Code W c w w wD w% 
Page 3 of3 Resilient Modulus Checklist Rev. 07/2007 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX C: Optimum Water Content / Maximum Dry Density Data 
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Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-1) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 13-18 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w = 
W2 = mass of container and oven dried soil (g) 





























































| Sample 1 AVG | 2.78% | 
| Sample 2 AVG | 4.70% | 
| Sample 3 AVG | 5.96% | 
| Sample 4 AVG | 7.21% | 
| Sample 5 AVG | 8.07% | 
| Sample 6 AVG | | 
| Sample 7 AVG | | 
AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil 
C = mass of container 
W = dry density (kg/m3) of soil 
W1 = wet density (kg/m3) of soil 
W1 = (A-C)*471 [kg/m3] 
W = (W1/(w+100))*100 
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Optimum Water Content = 7.2% 
Maximum Dry Density = 140.0 (Ib/ft3) 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-1) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 19-24 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) 
W2 = mass of container and oven dried soil (g) 
Wc = mass of container 




























































| Sample 1 AVG 
| Sample 2 AVG 
| Sample 3 AVG 
| Sample 4 AVG 






| Sample 6 AVG 1 
1 Sample 7 AVG 
AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil 
C = mass of container 
W = dry density (kg/m3) of soil 
W1 = wet density (kg/m3) of soil 
W1 = (A-C)*471 [kg/m3] 
W = (W1/(w+100))*100 









































































0 2.0 4.0 6.0 8.0 1C 
Water Content (%) 
.0 
Optimum Water Content = 7.0% 
Maximum Dry Density = 131.0 (Ib/ft3) 
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Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-2) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 24-29 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) 
W2 = mass of container and oven dried soil (g) 
Wc = mass of container 




























































| Sample 1 AVG | 3.68% | 
| Sample 2 AVG | 4.79% | 
| Sample 3 AVG | 6.06% | 
| Sample 4 AVG | 7.55% | 
| Sample 5 AVG | 9.33% | 
| Sample 6 AVG | | 
| Sample 7 AVG [ | 
AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil W1 = (A-C)*471 [kg/m3] 
C = mass of container 
W = dry density (kg/m3) of soil W = (W1/(w+100))*100 
Constant = 1[m3]/Vol Mold[m3] 
1 [m3]/0.000943[m3]=1060.445 
































































AASHTO T-180 (ME-2) 
0 2.0 4.0 6.0 8.0 1C 
Water Content (%) 
.0 
Optimum Water Content = 7.5% 
Maximum Dry Density = 135.5 (Ib/ft3) 
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Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-2) ~ 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 12-14 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w.= ((W1-W2)/(W2-Wc))*100 
W2 = mass of container and oven dried soil (g) 




























































AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil W1 = (A-C)*471 [kg/m3] Constant = 1 [m3]/Vol Mold[m3] 
C = mass of container 1[m3]/0.000943[m3]=1060.445 
W = dry density (kg/m3) of soil W = (W1 /(w+100))*100 
































































0.0 2.0 4.0 6.0 8.0 10.0 
Water Content (%) 
I Optimum Water Content = 7.0% | 
| Sample 1 AVG | 3.10% | 
| Sample 2 AVG | 4.87% | 
| Sample 3 AVG | 5.97% | 
| Sample 4 AVG | 7.13% | 
| Sample 5 AVG | 9.29% | 
| Sample 6 AVG | | 
| Sample 7 AVG | | 
Maximum Dry Density = 132.3 (Ib/ft3) 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-3) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 20-23 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w = 
W2 = mass of container and oven dried soil (g) 





















































| Sample 1 AVG | 5.49% | 
| Sample 2 AVG | 5.64% | 
| Sample 3 AVG | 6.14% | 
| Sample 4 AVG | 7.40% | 
| Sample 5 AVG | | 
| Sample 6 AVG | | 
| Sample 7 AVG | | 
AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil 
C = mass of container 
W = dry density (kg/m3) of soil 
W1 = wet density (kg/m3) of soil 
W1 = (A-C)*471 [kg/m3] 
W = (W1/(w+100))*100 
Metric 
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Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-3) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 12-13 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w = ((W1 -W2)/(W2-Wc))*100 
W2 = mass of container and oven dried soil (g) 




























































AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil W1 = (A-C)*471 [kg/m3] Constant = 1 [m3]A/olume[m3] 
C = mass of container 1 [m3]/0.000943[m3]=1060.445 
W = dry density (kg/m3) of soil W = (W1 /(w+100))*100 

















































AASHTO T-180 (ME-3) 










0.0 2.0 4.0 6.0 8.0 10.0 
Water Content (%) 
~ Optimum Water Content = 6.0% 
Maximum Dry Density = 136.0 (Ib/ft3) 
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Sample 1 AVG | 1.84% 
Sample 2 AVG | 3.99% 
Sample 3 AVG I 5.08% 
Sample 4 AVG | 6.54% 
Sample 5 AVG | 7.78% 
Sample 6 AVG 
Sample 7 AVG 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-4) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 9-10 August 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w = 
W2 = mass of container and oven dried soil (g) 













































































| Sample 1 AVG | 3.09% | 
| Sample 2 AVG | 4.18% | 
| Sample 3 AVG | 4.90% | 
| Sample 4 AVG | 5.75% | 
| Sample 5 AVG | 6.95% | 
| Sample 6 AVG | 7.24%~l 
| Sample 7 AVG | 8.01% | 
AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil 
C = mass of container 
W = dry density (kg/m3) of soil 
W1 = wet density (kg/m3) of soil 
W1 = (A-C)*471 [kg/m3] 
W = (W1/(w+100))*100 


















































































1^9 nn -0 
AASHTO T-180 (ME-4) 
0 2.0 4.0 6.0 8.0 1C 
Water Content (%) 
.0 
Optimum Water Content = 7.0% 
Maximum Dry Density = 138.75 (Ib/ft3) 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-4) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 13-14 August 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w = ((W1-W2)/(W2-Wc))*100 
W2 = mass of container and oven dried soil (g) 
Wc = mass of container 



























































AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil W1 = (A-C)*471 [kg/m3] Constant = 1 [m3]/Volume[m3] 
C = mass of container 1 [m3]/0.000943[m3]=1060.445 
W = dry density (kg/m3) of soil W = (W1/(w+100))*100 


































































0.0 2.0 4.0 6.0 8.0 10.0 
Water Content (%) 
Optimum Water Content - 6.5% 
Maximum Dry Density = 140.50 (Ib/ft3) 
| Sample 1 AVG | 6.15% | 
| Sample 2 AVG | 6.48% | 
| Sample 3 AVG | 7.09% | 
| Sample 4 AVG | 8.03% | 
| Sample 5 AVG | 8.63% | 
| Sample 6 AVG | | 
I Sample 7 AVG J I 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-5) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 13-16 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w= ((W1-W2)/(W2-Wc))*100 
W2 = mass of container and oven dried soil (g) 




































































AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil W1 = (A-C)*471 [kg/m3] Constant = 1 [m3]/Volume[m3] 
C = mass of container 1 [m3]/0.000943[m3]=1060.445 
W = dry density (kg/m3) of soil W = (W1/(w+100))*100 










































































0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 
Water Content (%) 
Optimum Water Content = 6.75% 
Maximum Dry Density = 147.5 (Ib/ft3) 
| Sample 1 AVG | 1.83% | 
| Sample 2 AVG | 3.66% | 
| Sample 3 AVG | 4.68% | 
| Sample 4 AVG | 6.19% | 
| Sample 5 AVG | 6.74% | 
| Sample 6 AVG | 7.62% | 
| Sample 7 AVG | | 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-5) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 10-12 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w = 
W2 = mass of container and oven dried soil (g) 





































































| Sample 1 AVG 
| Sample 2 AVG 
| Sample 3 AVG 
| Sample 4 AVG 
| Sample 5 AVG 
| Sample 6 AVG 







AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil 
C = mass of container 
W = dry density (kg/m3) of soil 
W1 = wet density (kg/m3) of soil 
W1 = (A-C)*471 [kg/m3] 
W = (W1/(w+100))*100 
Metric 






























































AASHTO T-180 (ME-5) 
i ° p nn 
lOO.UU 
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197 nn i ' 
0.0 1.0 2.0 3.0 4 
Water Con 
i:::::^:X~--~ + y _v_ 1 / 
0 5.0 6.0 7.0 8.0 
tent (%) 
Optimum Water Content = 6.00% 
Maximum Dry Density = 137.0 (Ib/ft3) 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-6) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 24-27 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w = ((W1-W2)/(W2-Wc))*100 
W2 = mass of container and oven dried soil (g) 




























































AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil W1 = (A-C)*471 [kg/m3] Constant = 1 [m3]/Volume[m3] 
C = mass of container 1 [m3]/0.000943[m3]=1060.445 
W = dry density (kg/m3) of soil W = (W1 /(w+100))*100 
W1 = wet density (kg/m3) of soil 
Metric English 




















































AASHTO T-180 (ME-6) 
132.00 -T-
_ 131.00 — 
CO 
I 130.00 — 
J 129.00 --
c 128.00 — 
^ 127.00 — 
° 126.00 — 
125.00 — 
0.0 2.0 4.0 6.0 8.0 10.0 12.0 
Water Content (%) 
Optimum Water Content = 8.7% ~ 
Maximum Dry Density = 131.0 (Ib/ft3) 
153 
I Sample 1 AVG | 6.37% | 
Sample 2 AVG | 7.49% | 
[Sample3 AVG | 8.59% | 
| Sample 4 AVG | 8.76% | 
| Sample 5 AVG | 10.28% | 
| Sample 6 AVG | | 
| Sample 7 AVG | | 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-6) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 13-16 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w = ((W1-W2)/(W2-Wc))*100 
W2 = mass of container and oven dried soil (g) 



























































AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil W1 = (A-C)*471 [kg/m3] Constant = 1 [m3]/Volume[m3] 
C = mass of container 1 [m3]/0.000943[m3]=1060.445 
W = dry density (kg/m3) of soil W = (W1/(w+100))*100 
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AASHTO T-180 (ME-6) 
k 
s s \ 
1 
0 2.0 4.0 6.0 8.0 10.0 12 
Water Content (%) 
.0 
Optimum Water Content = 8.0% 
Maximum Dry Density = 132.0 (Ib/ft3) 
154 
Sample 1 AVG | 5.10% | 
Sample 2 AVG | 6.18% | 
| Sample 3 AVG | 7.26% | 
| Sample 4 AVG | 8.06% | 
| Sample 5 AVG | 9.58% | 
| Sample 6 AVG | | 
| Sample 7 AVG | | 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-7) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 9-10 August 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w = 
W2 = mass of container and oven dried soil (g) 



































































fSampie i AVG | 5.93% | 
| Sample 2 AVG | 7.44% | 
| Sample 3 AVG | 8.30% | 
| Sample 4 AVG | 9.22% | 
| Sample 5 AVG | 9.66% | 
| Sample 6 AVG | 10.19% | 
I Sample 7 AVG I I 
AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil 
C = mass of container 
W = dry density (kg/m3) of soil 
W1 = wet density (kg/m3) of soil 
W1 = (A-C)*471 [kg/m3] 
W = (W1/(w+100))*100 

































































AASHTO T-180 (ME-7) 
0 2.0 4.0 6.0 8.0 10.0 12 
Water Content (%) 
.0 
Optimum Water Content = 8.5% 
Maximum Dry Density = 130.25 (Ib/ft3) 
155 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-7) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 6-8 August 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) 
W2 = mass of container and oven dried soil (g) 
Wc = mass of container 




































































| Sample 1 AVG | 5.97% | 
| Sample 2 AVG | 7.49% | 
| Sample 3 AVG | 8.36% | 
| Sample 4 AVG | 9.28% | 
| Sample 5 AVG | 9.72% | 
| Sample 6 AVG | 10.25% | 
| Sample 7 AVG | | 
AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil 
C = mass of container 
W = dry density (kg/m3) of soil 
W1 = wet density (kg/m3) of soil 
W1 = (A-C)*471 [kg/m3] 
W = (W1/(w+100))*100 



































































AASHTO T-180 (ME-7) 
0 2.0 4.0 6.0 8.0 10.0 12 
Water Content (%) 
.0 
Optimum Water Content = 9:0% 
Maximum Dry Density = 128.7 (Ib/ft3) 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-8) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 24-29 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) 
W2 = mass of container and oven dried soil (g) 
Wc = mass of container 
w = ((W1-W2)/(W2-Wc))*100 



















































| Sample 1 AVG | 3.55% | 
| Sample 2 AVG | 6.07% | 
| Sample 3 AVG | 7.72% | 
| Sample 4 AVG | 8.94% | 
| Sample 5 AVG | | 
| Sample 6 AVG | | 
| Sample 7 AVG | | 
AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil 
C = mass of container 
W = dry density (kg/m3) of soil 
W1 = wet density (kg/m3) of soil 
W1 = (A-C)*471 [kg/m3] 
W = (W1/(w+100))*100 
Metric 
























































AASHTO T-180 (ME-8) 
0 2.0 4.0 6.0 8.0 1C 
Water Content (%) 
.0 
Optimum Water Content = 7.75% 
Maximum Dry Density = 130.75 (Ib/ft3) 
157 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-8) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 24-29 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) . 
W1 = mass of container and moist soil (g) w = ((W1 -W2)/(W2-Wc))*100 
W2 = mass of container and oven dried soil (g) 




















































AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil / 
B = mass of container and dry soil W1 = (A-C)*471 [kg/m3] Constant = 1 [m3]A/olume[m3] 
C = mass of container 1 [m3]/0.000943[m3]=1060.445 
W = dry density (kg/m3) of soil W = (W1 /(w+100))*100 



























































0.0 2.0 4.0 6.0 8.0 10.0 12.0 
Water Content (%) 
** Optimum Water Content = 7.5% 
Maximum Dry Density = 131.4 (Ib/ft3) 
Sample 1 AVG | 6.11% 
Sample 2 AVG | 7.32% 
Sample 3 AVG | 8.27% 
Sample 4 AVG | 9.83% 
Sample 5 AVG | 
Sample 6 AVG | 
Sample 7 AVG"~f 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-9) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 20-23 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w = ((W1-W2)/(W2-Wc))*100 
W2 = mass of container and oven dried soil (g) 




















































| Sample 1 AVG 
| Sample 2 AVG 
| Sample 3 AVG 
| Sample 4 AVG 
| Sample 5 AVG 
| Sample 6 AVG 








AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil W1 = (A-C)*471 [kg/m3] Constant = 1 [m3]A/olume[m3] 
C = mass of container 1 [m3]/0.000943[m3]=1060.445 
W = dry density (kg/m3) of soil W = (W1/(w+100))*100 
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0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 
Water Content (%) 
Optimum Water Content = 10.7% 
Maximum Dry Density = 126.9 (Ib/ft3) 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ME-9) ' 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 24-27 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w = 
W2 = mass of container and oven dried soil (g) 





























































| Sample 1 AVG | 8.41% | 
| Sample 2 AVG | 9.06% | 
| Sample 3 AVG | 9.84% | 
| Sample 4 AVG | 10.49% | 
| Sample 5 AVG | 11.34% I 
| Sample 6 AVG | | 
| Sample 7 AVG | | 
AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil 
C = mass of container 
W = dry density (kg/m3) of soil 
W1 = wet density (kg/m3) of soil 
W1 = (A-C)*471 [kg/m3] 
W = (W1/(w+100))*100 

























































•toe: nn 0 








0 2.0 4.0 6.0 8.0 10.0 12 
Water Content (%) 
.0 
Optimum Water Content = 9.5% 




C&D Materials Testing (ERRCO SAMPLE #2) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 27 Mar 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w : 
W2 = mass of container and oven dried soil (g) 



































































| Sample 1 AVG | 5.39% | 
| Sample 2 AVG | 11.55% | 
| Sample 3 AVG | 12.67% | 
| Sample 4 AVG | 14.75% | 
| Sample 5 AVG | 16.50% | 
| Sample 6 AVG | 18.23% | 
AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil 
C = mass of container 
W = dry density (kg/m3) of soil 
W1 = wet density (kg/m3) of soil 
W1 = (A-C)*471 [kg/m3J 
W = (W1/(w+100))*100 
Metric 










































































m ^ nn -
0 
AASHTO T-180 (ERRCO SAMPLE 2) 
I 
0 5.0 10.0 15.0 2C 
Water Content (%) 
.0 
Optimum Water Content = 16.5% 
Maximum Dry Density = 110.5 (Ib/ft3) 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ERRCO #2) 
Location: Kingsbury Hail, Durham, NH (UNH) 
Date: 10-12 June 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w= ((W1-W2)/(W2-Wc))*100 
W2 = mass of container and oven dried soil (g) 












































































AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil W1 = (A-C)*471 [kg/m3] Constant = 1 [m3]/Volume [m3] 
C = mass of container 1 [m3]/0.000943[m3]=1060.445 
W = dry density (kg/m3) of soil W = (W1/(w+100))*100 























































































0.0 5.0 10.0 15.0 20.0 
Water Content (%) 
Optimum Water Content = 17.0% 
Maximum Dry Density = 105.5 (Ib/ft3) 
Sample 1 AVG | 8.17% | 
| Sample 2 AVG | 11.06% | 
[Samples AVG | 14.53% | 
| Sample 4 AVG | 17.04% | 
| Sample 5 AVG | 18.54% | 
| Sample 6 AVG | 22.67% | 
| Sample 7 AVG | 25.08% | 
Mark DeRocchi 
UNH 
C&D Materials Testing (ERRCO SAMPLE #3) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 17 Apr 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) 
W2 = mass of container and oven dried soil (g) 
Wc = mass of container 

































































| Sample 1 AVG | 5 l 9 % " 
| Sample 2 AVG | 1lT55%" 
| Sample 3 AVG | 12li7%" 
| Sample 4 AVG | 14.75% 
| Sample 5 AVG | 16.50%" 
| Sample 6 AVG | 18L23%" 
AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil 
C = mass of container 
W = dry density (kg/m3) of soil 
W1 = wet density (kg/m3) of soil 
W1 = (A-C)*471 [kg/m3] 
W = (W1/(w+100))*100 











































































AASHTO T-180 (ERRCO # 3) 
0 5.0 10.0 15.0 2C 
Water Content (%) 
.0 
Optimum Water Content = 16.5% 




C&D Materials Testing (ERRCO SAMPLE #3) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 15 May 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w = 
W2 = mass of container and oven dried soil (g) 



































































| Sample 1 AVG | 5.39% | 
| Sample 2 AVG | 7.80% | 
| Sample 3 AVG | 12.67% | 
| Sample 4 AVG | 14.75% | 
| Sample 5 AVG | 16."S0%1 
| Sample 6 AVG | 18.23% | 
AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil 
C = mass of container 
W = dry density (kg/m3) of soil 
W1 = wet density (kg/m3) of soil 
W1 = (A-C)*471 [kg/m3] 
W = (W1/(w+100))*100 






















































































(ERRCO # 3) 
0.0 5.0 10.0 
Water Content (%) 
15.0 20.0 
Optimum Water Content = 17.0% 
Maximum Dry Density = 105.5 (Ib/ft3) 
Mark DeRocchi / John Westover 
UNH 
C&D Materials Testing (ERRCO #4) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 10-12 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w= ((W1-W2)/(W2-Wc))*100 
W2 = mass of container and oven dried soil (g) 












































































AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil W1 = (A-C)*471 [kg/m3] Constant = 1 [m3]/Volume [m3] 
C = mass of container 1 [m3]/0.000943[m3]=1060.445 
W = dry density (kg/m3) of soil W = (W1 /(w+100))*100 





















































































0.0 5.0 10.0 15.0 20.0 25.0 30.0 
Water Content (%) 
Optimum Water Content = 16.5% 
Maximum Dry Density - 112.4 (Ib/ft3) 
165 
Sample 1 AVG | 8.17% 
Sample 2 AVG~ | 11.06% 
Sample 3 "AVG" | 14.53% 
Sample 4 AVG | 17.04% 
Sample 5 AVG | 18.54% 
Sample 6 AVG | 22.67% 
Sample 7 AVG | 25.08% 
Mark DeRocchi 
UNH 
C&D Materials Testing (ERRCO SAMPLE #4) 
Location: Kingsbury Hall, Durham, NH (UNH) 
Date: 16-18 July 2007 
AASHTO T-265 (Lab Determination of Moisture Content of Soils) 
w = moisture content (%) 
W1 = mass of container and moist soil (g) w = 
W2 = mass of container and oven dried soil (g) 



































































Sample 1 AVG | 5.39% | 
Sample 2 AVG | 11.55% | 
Sample 3 AVG | 12.67%1 
Sample 4 AVG | 14.75%* 
Sample 5 AVG | 16.50%" 
Sample 6 AVG | 18.23%! 
AASHTO T-180 (Moisture-Density Relations of Soils Using a 4.54kg Rammer and a 457mm Drop) 
A = mass of container and wet soil 
B = mass of container and dry soil 
C = mass of container 
W = dry density (kg/m3) of soil 
W1 = wet density (kg/m3) of soil 
W1 = (A-C)*471 [kg/m3] 
W = (W1/(w+100))*100 
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110.00 -
g 109.00 -







AASHTO T-180 (ERRCO # 4) 
j I 
0 5.0 10.0 15.0 2C 
Water Conten t (%) 
.0 
Optimum Water Content = 16.5% 
Maximum Dry Density =110.5 (Ib/ft3) 
166 
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